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ABSTRACT

This abstract describes briefly the final report of the accomplishments and
progress made during the U.S. Amy Electronics Research and Development
Laborstories Highi-Capecity Magnesium-Battery Program by the Radio Corporation
of America, Semiconductor and Materials Division, Somerville, New Jersey.
This program was conducted during the period from 1 June 1960 through 30
November 1962,

Characteristic data are presented for magnesium/magnesium-perchlorate reserve
cells discharged at temperatures as low as -4O°F. Cathode efficiency data
as a function of temperature and current drain are also presented.

Factors affecting the performance of dry cell batteries were investigated.
Cathode efficiencies, storage characteristics, and electrode surface phenomena
were evaluated.

Data are also presented for a newly-developed magnesium/mercuric-oxide
meteorological battery, including discharge data for temperatures as low as
'58°Fo
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ABSTRACT
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Laboratories High-Capacity Magnesium-Battery Program by theé Radio Corporation
of America, Semiconductor and Materials Division, Somerville, New Jersey. ‘
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1. PURPOSE

d

The purposes of this research and development contract wer 5

1,

2.

3.

w

O

develop practical Mg-Cu0 and Mg-Hg0 reserwylls suitable for use
in high-rate batteries, V

characterize the Mg/Mg( C10,) ;A’!&:d Mg/Me( €10,) 2/cuo dry cells, and

perform research studies ian - termine the factors and mechanisms ’
controlling anode effifﬂcy, inhibitor function, and delayed action

of magnesium ﬁ\' phasis wvas placed on the perchlorate electrolyte.

-~
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»
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2. SUMMARY
2.1 GENERAL

A two-and-one-half-year study program was carried out to investigate electro-
chemical phenomena which affect performance characteristics of high-capacity
magnesium reserve and dry-cell primary batteries with a perchlorate electro-
lyte. Areas of investigation which received special attention during this
brogram are the following:

a. high-rate and low-temperature reserve cells.
b. dry cells.

c. basic research.
2.2 RESERVE CELLS

The develomment of practical Mg-HgO and Mg-CuO reserve cells is described.

.. » capacity of the Mg-Hgo cell is over 50 watt-hours per pound and 3.3 watt-hours
per .. ¢ inch. Both cells were shown to be affected adversely by the heat
generat . by the magnesium anode. Data is presented to show that, by the use

of heatv 1inks, efficient operation of both systems can be obtained on a 10-

minute " s~harge rate,

Tring u - cours. of ais program, factors affecting the performance of reserve
Mg-HgO #v  Mg-CuO ce! .8 were investigated. It was determined that reserve
cell pe:! -nance cai e improved to an appreciable degree by changes and
modificat: a8 in th: collowing areas:

8. % ;hode m:i- formulation.
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b. cathode mix preparation.
¢. cathode mix additives.
d. cathode grid.

e. Mg alloy type.

f. electrolyte type and concentration.
Optimum conditions are given.

2,2.1 Low Temperature Applicaticn of Mg-HgO Reserve Cells

A detailed analysis of the heat-generating mechaniom of the maynesiun
anode and its effect on magnesium performance was investigated. The
application of this heat generation wvas used as an approach to the
design of low-temperature batteries. Magnesiun/mercuric-oxide baiteries
were designed equivalent to the BA-253/u neteorological battery. This

battery gave greatly increased performanc:.

The use of a polyurethane insulating jacket was shown to be practical
for the design of batteries on 2i-hour discharge rates. A magnesium/
mercuric-oxide battery with 50-w-hr/lb capacity at -4LO°F on a 2k-hour
discharge rate was demonstrated.

As part of the low-temperature program, the properties of electrolytes
were studied extensively. Such factors as low-temperature conductivity,
specific conductivity of various electrolytes, and variations in electro-
lyte viscosity with temperature changes wvere investigated.

2.3 DRY CELLS

The basic properties -- shelf life, intermittent performance, impedance, de-
layed action, operating temperature -- of the magnesium/manganese dioxide
dry cell and the,magnesium/cupric-oxide dry cell were characterized. The
delayed action of Mg/CuO and Mg/MnO2 A-cells was unaffected by storage at
70° and 113°F., and the impedance was essentially the same after storage for
five months at 113°F and six months at 70°F. The capacity retention on the
Mg/M'nO2 cells at both temperatures exceeded 90%, The shelf life of the
magnesium/cupric-oxide dry cell exhibited a drop-off at 113°F.

e N N e



The low-teniperature properties of the ma.gnesitm/ma.nganese-d.ioxide dry cell
was evaluated. Data are presented to show that the low-temperature perform-
ance ig a function of electrode surface area.

2.4 RESEARCH STUDIES

It was attempted to establish a correlation between the impedance and the
film formation of the magnesium anode. Measurements of the capacitance and
resistance of the corrosion film showed that the exposed area ( At - Af)
decreased, as predicted, with decreases in current density. A relationship
between exposed anode area and anode efficiencx‘ as a function of current
density,‘was developed.

2-3
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3. EXPERIMENTAL AND FACTUAL DATA

3.1 PRIOR WORK ON MAGNESIUM PRIMARY CELLS WITH A MAGNESIUM PERCHLORATE

ELECTROLYTE

Prior to this contract, a research program at the RCA Laboratories demon-
strated the advantages of a perchlorate electrolyte in magnesium primary
cells. Some of the important properties of the perchlorate electrolyte are:

a.

b.

Ce

It is less corrosive to a magnesium anode than either a magnesium
chloride or a magnesium bromide electrolyte. At high-current drains,
magnesium operates at an anode efficiency of 80 percent. This feature
reduces the amount of water required for cell reaction and the amount
of Mg(OH) p formed. These properties are desirable for the efficient
design of magnesium primary batteries,

Magnesium has a low level of static corrosion in a perchlorate electro-
lyte, thereb}" insuring a good shelf life for dry cells or an extremely
long activated-stand capability for reserve cells.

The perchlorate electrolyte does not react with cupric oxide, mercuric
oxide, silver II oxide, or nickel dioxide,.thereby permitting the
coupling of these high-capacity cathode materials to a magnesium
a.node.‘ These are the most desirable cathode materials for the design
of batteries with a high capacity at high’discha.rge rates.

The performncé characteristics of the mgnesi\m/ma@esim-perchlora.te cells

are presented in Figures 1, 2, 3, 4, and 5. Presented in Figures 1 and 2
are watt-hour capacity data per unit of weight and volume obtained from single

cells.

3-1
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WATT-HOURS PER POUND

Mg/Mg(C104) 2/ HgO

Mg/Mg(Cl0O4),/Cu0 e

Mg/Mg(Cl 04)2 /Mn0Oo TYPE M

I ] 1 ! ) 1 1 1 P -
20 40 60 80 100 120 140 160 180 200

DISCHARGE TIME (HOURS) ML-251

FIGURE 1. CAPACITY OF VARIOUS DRY CELLS AS A FUNCTION OF DISCHARGE TIME.
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As evidenced by the dats presented in Figure 3 and in Table I, satisfactory
shelf-life data have been obtained fram cells made vith cupric oxide and
synthetic manganese dioxide.

The impedance of ng/m;(cmu)z/moa (African) AA-size cells has been shown to
be similar to that of camparable ug/ugnrzlmoa (Afr.) AA-size cells. Data
for the impedance of Mg/Mg(Cth)z/HnOa (Afr.), Hg/MgBrzllana (Afr.), ana
cammercial LeClanche cells as a function of load resistance are presented
in Mgure k4,

The delayed action of magnesium cells containing a magnesium-perchlorate
electrolyte in preliminary studies has been shown to be less than that of
similar cells containing a magnesium-bromide electrolyte. This is parti-
cularly true for applications in which the time between discharges is short
as evidenced by the delayed action data for D-size cells on a test simulating
the BA-30 test presented in Figure 5.

3.2 RESERVE CELLS

3.2.1 Magnesium/Cupric-Oxide Reserve Cells

The mgnelim/cupric-o:dde system was selected for the development of a
high-capacity reserve battery for the following reasons:

a. High capacity per unit weight and volume.
b. Flat discharge curve.
¢. Potentisl low cost.

3.2.1.1 Magnesium-Cupric Oxide Reserve Cell Design

A 3-smpere-hour cell was selected for initial study and characterization
because this size cell is readily adapted to laboratory development and
camparison to other systems.

The cathode plates were constructed using techniques previously developed
in this laboratory. The following steps are used in the assembly of a
cupric oxide cathode:

&. Dry blend cupric oxide with Shavinigan Acetylene Black using
standard techniques.
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Prepare a wet mix using a water solution of HV CMC (carboxymethyl
cellulose) with suitable wetness to provide maximum ease of handling
in steps ¢ and d.

Paste s weighed amount of cathode mix on the metal grid.

Apply the separator material filter paper to the wet cathode plate
and press it 3000 to 5000 psi for several seconds.

Air dry overnight.

In the following studies, the anode and cathode specifications are:

a.

b,

Ce

Cathode:

Size - 2 x 2 inches

Grid - 25/0.010-inch woven bronze screen, 0.575 g/in2

with a 1/2 x 3/4-inch tab for making connections.

Wet mix composition - U42.8% Cu0
10.7% Shawinigan Acetylene Black
45.7% B0

.Th HV CMC

Separator - analytical grade filter paper
Theoretical capacity per plate - 85 ampere-minutes.

Anode:
Size - 2 x 2 inches with 1/2 x 3/4-inch tab for making
connections.
Weight - 0.005-inch plate 0.74 g
0.010-1inch plate 1.06 g
0.01k-inch plate 1.73 g
Theoretical capacity per plate (not including tab)
0.005-inch 76.7 smp-min
0.010-inch 151 amp-min
0.014-1nch 200  amp-min

Cell Assembly:

The cells were assembled by soldering four cathode plates together
and interweaving 5 magnesium anode plates between the cathode
plates. The tabs of anode plates were spotwelded together and
connected to a copper wire lead.

3-3




Cell Characterization
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The discharge characteristics of 3 amp-hr Mg-CuO0 cells determined
under constant current drains of 10 to 25 amperes are presented
below and in Figure 6, 7, and 8.

Magnesium Discharge Average Cathode
Amperes Anode Time (min) Voltage Efficiency
10.0 0.01%-inch, C.P. 30 0.835 88
20.0 0.0lk-inch, C.P. 13 0.82 76.5
25.4 0.005-inch, C.P. 6.5 0.715 Lo
20.0 0.016-inch, AZ-31B 9.l 0.68 55

D e I i

Cupric oxide cells were constructed with five 2 x 2-inch cathode
plates onto which was spread a 6:1 ratio of cupric oxide to
Shawinigan black mix containing a two-percent mercurous-chromate
inhibitor. The theoretical coulombic cathode capacity

was 590 ampere-minutes. The anode consisted of six 2 x 2-inch pure
magnesium plates.

Discharge characteristics at constant currents of one, two, and four
amperes are presented in Figure 9 and Table II. Cells discharged at
room temperature used a water heat sink to limit the temperature rise.
The data show that a discharge voltage is obtained with good cathode
efficiency to the 0.90 voltage cutoff.

Cupric oxide cells of the above construction were discharged at the

2.0 and L.0-ampere drains at temperatures down to -58°F. Data showing
the effect of temperature on the discharge characteristics are pre-
sented in Figures 10 thru 12 and Table III. Results show poor low-
temperature capacity is Sbtained for cells discharged in an uninsulated
plastic case. However, the use of one-half-inch-thick polyurethane

3-4
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HDISCHAR.GE CURRENT | AMBIENT TEMPERATURE| DISGHAR%E TIME |VOLTS | CATHODE EFFICIENCY
(amperes) ( °F) Hours | Minutes |(av) (percent)
1.0 . 70° with water 8 30 1.06 86.5

heat sink
2.0 70° with water 4 22 1.10 89
) heat sink
4.0 70° with water 2 3 1,06 81.8
heat sink
2.0 - 4° - 50 | 1,00 17
2.0 -40° - 4 | 102 17
2.0 -40° 4 | 3 1.02 | 82.3

¥Ce1ll discharged in 1/2-inch-polyurethane insulation.

MD-4T

TABLE II. DISCHARGE DATA FOR Mg/Cu0 CELLS AT VARIOUS DISCHARGE CURRENTS AND
TEMPERATURES :
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CAPACITY TO 20-PER-
‘ VQLIAGE P
DISCHARGE AMBIENT | DISCHARGE
CURRENT | TEMPERATURE Y - VOLIS
(amperes) (°F) Hours | Minutes (av) CELL CASE
1.0 70° 8 30 1.06 |noninsulated plastic plus
l ‘ heat sink
2.0 70° 4 20 1.10 noninsulated plastic plus
I 3 ‘ heat sink
2.0 - 4° 4 49 (1) 1.29 1/2-inch polyurethane
l 2.0 =40° 4 5 1.02 1/2-ineh polyurethane
‘ 2.0 -58° 4 | 23 1,06 |1/2-ineh polyurethane
4,0 70° 2 3 1.06 noninsulated plastic plus
heat sink
. 4,0 - 4° - 2(1) 1.35 1/2-inch polyurethane
l 4.0 ~40° 21( 1) 1.26 1/2-inch polyurethane
4.0 -58° 2 4(1) 1.33 1/2-inch polyurethane
l 1.0 -4° s | 10® .98 |1/2-inch polyurethane
1,0 ~40° 4 20(2 ) .95 |1/2-inch polyurethane
' 1.0 -58° 4 50( 2) .96 1/2-inch polyurethane
| 2.0 - 4° 50 1.00 noninsulated plastic
2.0 -40° 48 ~ 1.02 [noninsulated plastic
l 4.0 - 4° 27 .89 noninsulated plastic
E:ZL; to 1.10 volts MT-L8
! to 0.80 volts
l TABLE III. CAPACITY DATA FOR Mg/Mg(C10 Z’)2/cm) RESERVE CELLS AT VARIOUS
DISCHARGE RATES AND TEMPERATURES,




insulation at -LO°F increased the capacity to 92 percent of the
capacity obtained at room temperature. The data indicate that the
cupric-oxide system gan operate at low temperature with good capacity
(similar to the other magnesiun systems) provided that the dissipated
heat is maintained within the cells.

The test data show that room-temperature capacity is obtained at
temperatures down to -58°F for cells with a polyurethane jacket. Ca-
pacity of noninsulated-case cells discharged at -4° and -40°F dropped
t0 less than 20 percent of optimum capacity. These results show
that the cupric-oxide cathode is highly temperature dependent and
that control of heat within the cell will affect cell capacity.

Also, the cupric-oxide cathode has a high temperature coefficient
and wide variation of cell voltage can be obtained. Data presented
in Figures 13 and 14 show a variation of magnesium/cupric-oxide cell
voltage with temperature over a temperature range of O to 80°C. This
variation is confirmed by the increase in cell voltage of cells
enclosed in a one-half inch polyurethane case as shown in Figures 11
and 12. The high operating voltage indicates an internal cell tem-
perature above 40°C.

The low temperature studies of the cupric oxide system described
abuve show that good capacity can be obtained down to at least -58°F.
Cell operating temperature however, must be controlled by the battery
design to insure proper operating voltage.

The cells were placed in a plastic test container to restrict volume
and were discharged in excess 2N Mg( CIOI‘_)2 five minutes after actira
tion. All cells showed a voltage rise during discharge which was
greatest at the lighter drains as evidenced by the 10-ampere discharge
data in Figure 8. The voltage chan.es that occur during discharge

are believed to be due mainly to the heat evolved by the cell reactions.

The effects of the CuO-to-carbon ratio on the cathode efficiency and
the voltage-time characteristic were determined on cells with a
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Theoretical capacity of 300 to 340 ampere-minutes on a 20-ampere drain.
In these cells, the number of plates in the cathode was varied to keep
the theoretical capacity approximately constant. The cathode efficiency
increases as the active material ratio is decreased and as the plate
surface area is increased as shown in Figure 15 and Table 1V. As would
be expected if the voltage rise is caused by the heat evolved, the
Cu0-to-carbon ratio had little effect on the percentage voltage
increase. '

3.2.2 Research Studies

A research study was initiated to determine the mechanism by which the heat
evolved influences the voltage behavior of the magnesium/cupric-oxide
reserve cell system. The temperature rise found on cell discharge is due
to the heat evolved by the corrosion reaction and by the irreversibility
of the magnesium anode. Since both of these factors are dependent on the
current density, the temperature rise will be greatest on high discharge
rates.

Test cells were made using two cupric-oxide plates with a 3:1 ratio of
Shawinigan carbon black and three anode plates of various magnesium alloys.
The cupric-oxide plates were taken from the lot whose test results are

shown in Figure 15 with a theoretical capacity of 60 ampere- minutes per
plate. AZ-31B, AZ-21, AZ-10, and commercially pure (C.P.) magnesium

anodes were used in these studies. The cupric-oxide cathode plates were
discharged for 16 hours on an 80-hour rate for stabilization prior to

the assembly of the test célls. A silver/ silver-chloride reference
electrode was included at the end of each cell for half-cell measurements.
The cells were placed in beakers with excess 2N Mg(Cth) oy immersed in
constant-temperature water and discharged through a 32-ohm resistor,
corresponding to a 50-hour rate. The cell, anode-to-reference, and cathode-
to-reference potentials were measured over s temperature range of 2°C to
T70°C.

The results of this study are presented in Figures 13 and 1h. It is seen
that the voltage increased linearly with temperature, except for the range




‘ ‘ *ZIXTONIOTTE ©(OTO)SH N2 NI STWIINY 0°02 J0
NIVEQ INFNMO-INVISNOO V MAGNA SOLIVY NOGNVO SNOTMVA ALIM STTHO SAMSSES OVO/BW ¥O4 VAVA ALIOVAYD ST FMMOId

T92-TH (S3LNNIN) 3INIL IOUVHISIA .
02 -8l =] ¥l 2l Ol 8 9 ) 4 4 e
T T T T T T T T T 02°'0

1130 31V1d-3Q0HLVO-b
‘NVOINIMVHS 1. b

-10%°0

130 090
31V1d-300HLYD-9
‘00ll NVISBANT0D 1€

080

17130 31V 1d-300HLVIO-9-NVOINIMVHS 1.2 00°l

(S110A) 39V1T0A 1INDJ¥IO-A3S010




“NIVYD LNRIUND-INVISNOD FHIdWV-0Z V NO TIDUVHOSIA
“SOILVY MOVId NOGMVO SANOTYVA HLIM STIHD AAMISIH QO\N A.\Qnovg *AT TI9VL

64-IN
9re1d/xTH 3 n 4
&w M %87°0
0%H 99°29 1:€ NVIGNTYIOO
JoeTd woaIe)d ¥2°6
00T 6’71 o10°* 862 9 ono ¥9°L2
aretd/xmm 3 ¢¥°Y
MO M %98°0
O%H $2°9¢ | T:z ‘NVOININVHS
YoeTd UoqI8) %€£° YT
Y01 9T o10° 80¢ 9 ono %9°82
atetd/xpm 3 ¢y
oo >m=*mm.o
O"H 98°¥¢ T1:€  NVOINIAVHS
XoBTd U0qIe) $1°TT
88 2°¢T 010° 00¢ [ oy ¥ee€e
9qeTd/xmm 3 o Y
%L°0
(0 : 0 7A4 T:% “NVOINIMVHS
. ¥oeTd U0qIB) %/°0T
Ll £1 ¥10° o%¢ 4 ono 98° N.\.
(wueaxad) (sognuym) (seyout) (seynupm-axadrs ) gictl NOILISOdWOO OLLVH XoVid
XONAIOIASd | JOMd FOVITOA | WNISHNDVN TIZ) YAd wad XTI 1M NOGHYo—-0L-0n9
FAOHIVO INIOHAI-02 'd ‘D XIIOVdVD SAIVId
0l INTL SSANNOTHIL FAOHIVO HACHIVD
HIONV

TOUVHOSIA

TYVOLLIUOHHL




between 35°C and 50°. The half-cell measurements show that the marked
increase in cell voltage in this temperature rahge is caused by the
presence of the cupric-oxide cathode (Figure 1k4).

A voltage difference of 0.2 volt was found between the AZ-31 and C.P.
magnesium anodes. This difference increased at higher temperatures be-
cause the corrosion reaction for pure magnesium was greatly accelerated.
The effect of corrosicn reaction on cell discharge voltage can be seen
from the data in Figure 1k,

3.2.2.1 Cathode Grid Studies

A study was made in order to obtain a light-weight grid material to reduce
the electrode element weight. An investigation of various manufacturexfs'
literature showed that an expanded copper foil was the most practical
material for minimum-weight design for the CuO cathode.

Three samples of expanded 0.005-inch copper foll* were obtained for evalua-
tion. The physical characteristics of these materials are sumarized in
the following table:

Ozs':;g::al Strand Mesh (center to 9enter) Welight
Material Thickness width Iﬁﬁ; S:f:: peri;g_gare
Designation (inches)  (inches)  (inches) (inches) _(grams) _
3 Cus - k/0 0.003 0.005 0.077 0.04k2 0.11
5 Cu5 - 4/0 0.005 0.005 0.077 0.0k2 0.18
5 CuS - 3/0 0.005 0.005 0.125 0.058 0.12

Cells were assembled with CuO cathodes using the 5 Cu5 - 4/0 screen and
were evaluated at high discharge rates. The cells had dry-element weights
of 27.3 grams, 6.8 grams lighter than comparable cells made with a 25/0.018-
inch woven-screen grid. Element volume was 2.25 x 2.5 x 0.28 inches.
Capacity data for a 20 ampere drain are given in Figure 15, Twelve and
one-half minutes of discharge were obtained to 20-percent cutoff voltage
wvith an average of 0.8l volts for the cell without added inhibitor. These
discharge data compare favorably with previous cells using a woven screen.

* Bxmet Corporation, Tuckahoe, N.Y.
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Effect of Mercury Compounds:

Previous work in this laboratory, using mercury compounds as inhibitors
added to the electrolyte or cathode mix in magnesium dry cells, resulted
in improved anode efficiency. Mercuric-oxide reserve-cell studies also
showed higher anode efficiency over comparable cupric-oxide cells. This
is due to the inhibiting action of the slightly soluble mercuric oxide.

A study was made to determine the effect of mercury compound additives

on the discharge characteristics and anode efficiency of Mg/Mg( CIOu) 2/ Cu0
reserve cells. Several cathode batches were made with Hgaczoh inhibitors
added to a standard 4:1 CuO mix. Reserve cells were assembled with four
cathode plates and five 0.0lk-inch C.P. magnesium anode plates and discharged
at constant-current drains of 5 to 20 amperes.

Capacity data are given in Figures 15 and 16 for the 20- and 10-ampeie
drains for cells with and without inhibitor. A marked increase and
leveling of the voltage was obtained on the 5~ and 10-ampere drains with
addition of three percent HgQCrOh. The voltage level was lower, however,
at the 20-ampere drain. Anode efficiency was increased from 63 to T6 per-
cent at 20-ampere drain, and from 62 to 80 percent by the addition of
ngcwh inhibitor at 10-ampere drain. On discharge, mercury is plated on
the magnesium and inhibits the corrosion reaction by retarding the hydrogen
evolution reaction. The higher cell potential is attributed to the partial
removal of the oxide film by amalgamation.

‘To extend the work on cupric oxide, several lO-cathode-plate cells were

assembled for capacity testing. The cathode composition consisted of a
4:1 mix with Shawinigan carbon black and contained two percent mercurous
chromate as an inhibitor. A curve showing the l5-ampere room-temperature

discharge in 2§ Mg((:loll')2 is presented in Figure 17. The cell was
placed in a 150 ml water heat sink to control temperature on discharge.

The cathode efficiency of these cells was 62.2 percent to a 10-percent
voltage cutoff and 73.4 percent to a 20-percent voltage cutoff. Capacity
to a 20-percent cutoff was 4l.5 watt-hours per pound and 2.63 watt-hours
per cubic inch, neglecting volume for terminal height.

3-8
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Effect of Mix Variations:

Previous test data on cupric oxide reserve cells showed a gradual decrease
in cell voltage toward the end of the discharging cycle. This necessitated
the choice of & 20.percent cutoff voltage in order to obtain good utiliza-
tion of the active material.

Various mix blending techniques were also evaluated to determine their
effect on voltage level and cell capacity. Cathode mixes were made using
reagent-grade cupric-oxide powder, that was ball milled for twenty-four
hours to reduce particle size. Further blending was done by milling the
cupric oxide with 12 percent of the required carbon for thirty minutes,

and with the remainder of the carbon for two minutes. The mix was completed
by hand blending with CMC solution.

Capacity data for a four 2 x 2-inch cathode-plate test cell was determined
at the thirty minute rate and is given in Figure 18. Results showed that
no significant leveling of voltage was obtained. This mix procedure
permitted the use of a higher mix ratio with increased cathode efficiency.
Eighty-four percent cathode efficiency was obtained for a 20-percent cutoff,
campared to 73 percent for the 4:1 mix.

Overheating occurred during the latter part of discharge and cell voltage
reached a maximum of 1.0k volts.

3.2.3 Magnesium-Mercuric Oxide Reserve Cells

Prior work in this laboratory demonstrated that HgO reserve-cell cathode
plates could be made using techniques developed with the Cu0 cathode.
Discharge data showed that the HgO cathode in a Mg( c1oh) o electrolyte
operated at good cathode efficiencies and had a flat voltage discharge

characteristic on rates above one hour. Cell construction and initial
characterization are presented in the following sections.

Cell Design

HgO cathode plates were constructed using techniques similar to those
used for the Cu0 system. Two-by-two-inch silver-plated 25/0.010-inch
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woven copper and silver-plated 5 Cu$ expanded-copper screens were used
as grids. The wet-mix compositicn data are included in Tuble V. Cells
were assembled using four cathode plates and five 2 x 2-inch, 0.0lb-inch
thick C.P. magnesium anode plates. The theoretical cell capacity varied
from 122.4% ampere-minutes for the k:l HgO-to-carbon mix to 16( ampere-
minutes for the 6:1 mix. The dry element weight of cells with 5 Cu5 Ag
plated grids and 0.0l4-inch magnesium anodes averaged 28.2 grams, and
the dimensions were 2.25 x 2.5 x 0.28-inches. Cells have been studied
using thinner cathode grid material and thinner magnesium sheet to reduce
element weight. Cells made with a .CO3-inch silver-plated copper grid
gave two minutes less capacity at the thirty-minute rate than cells

using the .005-inch grids. Activated cell weight was reduced from ninety
to eighty-five grams.

Although further weight reduction can be obtained by using thinner magnesium
sheet, choice of proper thickness is determined by the performance of the
anode. In cells where magnesium is the limiting electrode, excess over-
heating occurs toward the end of the discharge cycle, preventing operation
of the cell within a 1lO-percent voltage tolerance. In addition, an
increased corrosion rate is obtained with the use of very thin magnesium,
resulting in an increase incell operation voltage. Capacity data at the
thirty-minute rate for cells made with 003-inch grids and with 005-inch
magnesium are given in Figure 19. All cells were discharged in 2% Hg(Cth)2
using a heat sink of 150 ml water.

3.2.3.1 Cell Characterization

Studies were made to investigate high-rate performance of the mercuric-
oxide system. Test cells of thin-plate construction to increase surface
area of the electrodes were assembled. A comparison of the characteristics
of a cell of this construction discharged at 20 amperes constant current
with a cell having thicker plates is presented in Figure 20. Cell data
are as follows:
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MIX RATIO WET- MIX COMPOSITION AMDUNT
Hg0-TO- OF
SHAWINIGAN (percent) MIX THEORETICAL
CARBON BLACK PER PLATE CAPACITY/PLATE
(Acetylene) HgO CARBON e H,0 (grams) (Ampere-Minutes)
4l 41.3 10.3 | 0.72 | 47.6 5.0 30.6
6:1 51,8 8.6 | 0.59 | 39.0 4.9 37.6
g:1 54.0 6.7 | 0.59 | 38.8 5,0 40.0
MT-50

TABLE V., MERCURIC-OXIDE CATHODE-MIX~COMPOSITION DATA,
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Gathode Cell A%

Theoretical capacity 179 amp-min HgO
Anode, Magnesium C.P. 11 plates, .005,
Total activg surface ares 362

cm )

Cell B¥*

179 amp-min HgO
3

6 plates, .005,
181

Element volume ( in3) 0.975 0.822
Element weight, dry (g) 34.5 . 29.5
Element weight, wet (g) 51.6 46.6
Average voltage to 1.68 1.46
20% voltage drop (v)

Cell capacity to 20% 157 90
voltage drop (amp-min)

Watt hours b b 2.2
Cathode Efficiency (%) 88 50

# Cell A:10 plate, 10:1 HgO
to Shawinigan plus 5% " HgO to Shawinigan plus
0 two g mix per 5% Ag,0 four g aix
.003" grid per .805" grid

#% Cell B: 5 plates, 10:1

The elements were placed in a plastic case with plastic spacers, activated
with 2K Mg(Cth) p for two minutes, and discharged in a beaker with 140 ml
water as a heat sink. Figure 20. shows that a cell made of thin plates of
increased surface area gives improved performance. The current density
of cell B is 110 ma/cma, vhich is twice that of cell A.

The discharge characteristics of Mg/Mg( c1oh) 2/Hgo cells of various cathode
mix ratios were determined at constant current drains of 5 to 15 amperes
and are presented in Table VI and Figures 19 and 20.

All cells vere placed in a plastic test container to restrict volume and
discharged in excess of 2N Mg(Cloh) p three minutes after activation. Figure
19 represents a 6:1 HgO-to-carbon cell with a 25/0.010-inch silver-plated-
copper grid, having a dry element weight of 33.3 grams. The cathode ef-
ficiency varied from T4 percent for the cathodes with a 6:1 ratio to 90
percent for the cathodes with a 4:1 ratio. The maximum discharge time was
obtained with the highest HgO content. Further studies were made to
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determine performance of the silver-plated 5 CuS expanded-copper and
25/0.010-inch woven-copper grid against an expanded pure silver 5 Ag 10
grid for optimum design and mix composition.

3.2.3.2 Cathode Grid Studies

The grids for the cathode plates in previous studies consisted of silver-
plated copper screens used to prevent reaction of the grid with the
mercuric-oxide cathode material. A study was made to determine an optimum
grid structure before extending cell development. A comparison of cells
with various grids discharged at 10 amperes is given in Table VII. The
resultas show that the silver-plated, expanded-copper grid gave the optimum
performance and the lightest cell weight. The poorer performance of the
pure silver grid is believed due to a weaker plate structure. The

5 Cu 5-4/0 silver-plated grid was used in all further testing.

Mercuric-oxide cathode plates require either a pure silver or a silver-
plated copper grid to provide good performance. These grids, however,
may be limited in various applications because silver-plated grids break
down on activated stand tests. Pure-silver grids also can break dc” - on
long discharge rates (24 hours and over) due to amalgamation with the
mercury from the cathode reduction. The use of an expanded-titanium grid
wvag studied for use with mercuric-oxide cathodes. Four cells were constructed
using 2-inch-square cathode plates made with 10Ti10-1/0 expanded-titanium
gridl.' Theoretical cathode capacity was 277 ampere-minutes, Two cells
nade with pure-magnesium anode plates were discharged at four-hour and
eight-hour rates to a 20-percent voltage-drop end point at an ambient
temperature of T0°F.

The results of the tests showed that these cells had a capacity equivalent
to cells with a silver-plated copper grid. The initial cell voltage was
0.20 volt lower than comperable silver-grid cells; the voltage then in-
creased to the silver-grid cell value after 25 percent of the discharge.

3-12




*NIVSQ INTWMOO-INVISNGD TMBINV-OT IV JEFOMVHOSIG
" IO SNOTHVA HIIA STIHD IANASTI 03H/Z(70T0)3M/BN 4O NOSTHVAWDO *IIA FI4VL

26-IN
AZUOIL
‘ POYBTd-ISATTS
18 Y61 v/¢-€1 eg/t-at 8¢t 62 WOT0° /62
addon
P398Td-IOATIS
Y8 ¢t 2/T-€T €1 Yege 8°0 0/Y-¢nog
. JIOATTS
9L V{4 ¢ £ /-1t 6°2¢ 8°'1 0/7-013vV¢
(doxp %01) | (senupi-exaduy) doua g0z Ol dOW1 %0T OL (serex3) (owex3) TVIMIIVN
XONAIOIAAA |TIAD Wad XIIOVAVO ‘ IHDITA IHOIIN and SICHIVD
HICHIVD TVOILAMOTHI (sonuyN) TIED Xud ane
dowd FOVIIOA O
AL FOUVHOSIA

—_— — ey AR W MR s e —




This effect is probably associated with a surface film on the titanium
grid. Two cells were also made with AZ-31 magnesium anode plates and
discharged at the 24-hour rate, both immediately after activation with
5N magnesium-perchlorate electrolyte and after a week of activated stand.
The data are plotted in Figure 21 and show a 9-percent drop in capacity
after the one-week stand. Anode efficiency measured 64 percent for the
cell discharged immediately, and 59 percent for the cell discharged after
a one-week stand. It can be concluded from these tests that titanium
grids can be used in low-rate mercuric-oxide cells where silver grids are
limited.

3.2.3.3 Cathode Mix Studies

The cathode efficiencies of mercuric-oxide cells tested during initial
characterization were found to vary from T4 to 90 percent for active
material ratios from L:1 to 8:1. Examination of cathode plates indicated
that poor blending was obtained with hand mixing techniques due to agglomera-
tion of mercuric-oxide particles. Ratio and mix blending studies were
continued in an attempt to improve cathode efficiency at the higher mix
ratios.

Evaluation of various mix blending techniques showed that mixes made by
mechanically pre-blending the yellow mercuric oxide and CMC binder solution
prior to addition of carbon were the best. No discernible particles of
mercuric oxide could be found under 60 X magnification with this type
blending. The procedure developed is as follows:

a. Blend the yellow mercuric oxide with the CMC solution for five
minutes in an Osterizer blender.

b. Add approximately 50 percent of the carbon; follow with further
blending in the blender.

c¢. Finally add remaining carbon and blend by hand.

The mix camposition and capacity data for lots with various mercuric-oxide-
to-carbon ratios made with the preceeding mixing procedure are summarized
in Table VIII. The cells consisted of four cathode plates and five .Olk-inch
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pure-magnesium anode plates with an average wet-element weight of 40.0
grams and volume of 2.25 x 2.5 x 0.25 inches.

Cathode efficiencies over 80 percent were obtained with active material-
to-Shawinigan carbon black ratios up to 10:1 at the 10.0-ampere constant
current drain. Increasing the ratio to 14:1 resulted in a marked decrease
in cathode efficiency and operating voltage level. Discharge curves for
the various mix ratios are presented in Figure 22.

3.2.3.4 Mix Additive Studies

During the first one-half minute of discharge, a low discharge voltage is
noted for mercuric oxide cells. This might be improved by one of the fol-
lowing methods:

a. Add a second cathode material to the cathode which operates at
near the potential of mercuric oxide and does not polarize. This
material does not need a high ampere-minute capacity.

b. Partially discharge the plate to reach the flat portion of the
discharge curve.

Procedure (a) is the more desirable method.

In view of the above, the addition of various cathode mix additives and
their effect on this injtial voltage drop were considered. Additives
used for this purpose consist of the cathode materials with operating
voltages equal to, or higher than, mercuric oxide and having a low polari-
zation at high discharge rates in the 2N Mg( c:LOh) > electrolyte.

The various slightly soluble silver compounds are the most obvious materials
for use with the mercuric-oxide system. Figure 23 illustrates the effect
of silver (II) oxide on the initial voltage of an 8:1 mercuric-oxide mix

under a 10-smpere drain. It is seen that the addition of 5-percent silver (II)
oxide is sufficient to raise the voltage to within 10 percent of the

maximum operating voltage. Additions in excess of 5 percent result in
extended leveling of the voltage within the initial three minutes of dis-

charge. Discharge curves at 10 amperes and 5 amperes are given in Figures
24 and 25.
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Addition of a 5-percent silver (I) oxide compound to the cathode mix
increased the initial voltage to permit operation of the cell within a
10-percent voltage tolerance. The curve depicting the voltage level of
this cell was flatter than that obtained with the silver (II) oxide
additive. This improvement .probably resulted from the lower activity of
the silver (I) oxide campared to silver (II) oxide. Figures 26 and 27
illustrate the effect on the initial part of the 10.0-ampere discharge
curve of an 8:1 ratio (mercuric oxide-to-Shawinigan carbon black) cell
with a S-percent silver (I) oxide additive.

A five ampere-hour capacity cell was selected for ease of testing and
comparison with other battery systems. A cathode mix of 8:1 ratio of
mercuric oxide to Shawinigan carbon black with 5-percent silver (I) oxide
was used in all cells tested. Typical wet mix composition was as follows:

192 g. mercuric oxide (yellow reagent)
24 g. Shawinigan carbon black

10.8 g. silver (I) oxide

125 ml QMC solution, 1.5%

Cathode plates were processed using silver-plated 5 Cu 5-4/0 expended-
copper screen grids 1.5 x 1.875 inches and 4 grams of wet mix per plate.
Theoretical cathode capacity is 32.2 ampere-minutes per plate. A plastic
case 1.75 x 2.63 x 0.68 inches was used as the test cell. The cell element
consisted of ten cathode plates and eleven 1.5 x 1.875 x .01l inch C.P.
magnesium anode plates. A No. 10 copper wire lead weighing 3.5 grams

was attached to each electrode for connection. The activated cell weight,
including case and leads, averaged 90 grams.

A typical 10-ampere discharge curve for a cell activated with 2§ Mg( CJ.Ou) 2
for three minutes at room temperature is presented in Figure 28. Capecity
calculated at a 10-percent voltage drop was 42.9 watt-hours per pound

and 2.7 watt-hours per cubic inch, neglecting volume for terminal height.
Cathode efficiency was 91.5 percent. This data 1s representative of the

state of the art of the present cell. Further studies directed toward
reducing element weight should enable a figure of 50 wvatt-hours per pound
to be reached for the 1/2-hour rate. '
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Because of the heat evolved by magnesium cells during discharge, an
efficient heat sink must be included in the cell design. For a lO-ampere
room-temperature discharge, a 150-ml water heat sink is sufficient to
control the temperature for a lO-percent voltage tolerance. The heat
dissipation problem increases with increasing dlscharge rate and the number
of cells. One test cell, discharged at 30 amperes without e heat sink,
overheated excessively and resulted in an unstable voltage level and early
cell failure. Further application studies must include a heat sink as an
integral part of the battery design if optimum performance from magnesium
cells at high discharge rates is to be obtained. ‘

Cathode mixes were made with five percent of silver iodate and five per-
cent of silver phosphate added to the mix to test the effect of silver
solubility on cell performance. Room-temperature discharge at 10 amperes
for four 1.5 x 1.875-inch cathode plate cells showed that these compounds
had little effect on improving initial cell voltage. Cell capacity for
these cells was reduced to 43 percent of the theoretical value for the
silver-phosphate mix and 15 percent with the silver-iodate mix. The
data show that there is no advantage to using silver compounds of greater
or lesser solubility than silver (I) oxide (such as silver iodate and
silver phosphate).

Additional mixes made with silver (I) oxide showed the importance of dry-
mix blending on cell voltage. A thorough blending of mercuric oxide,
silver (I) oxide, and carbon is necessary to obtain a flat voltage level
for the first three minutes of discharge. The procedure used for producing
the cell described above consists of ball milling the mercuric oxide,
silver (I) oxide, and 10 percent of the carbon for one hour. The mixing

is then completed in the mechanical blender as described in section on
cathode mix studies.

One cathode mix was made with a silver phosphate additive which was
prepared in the laboratory. Test results for this cell showed little

effect on initial cell voltage.

The addition of silver oxide to the mercuric-oxide cathode mix yielded
improved. initial voltage levels at room-temperature discharge. At low
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temperatures, however, a marked drop in initisl cell voltage was noted

as shown in Figure 29. This drop is due partly to the failure of the
silver oxide to function at low temperature. Other additives or an
alternate approach must be used to improve low temperature characteristics.

During the initfal thirty seconds of the discharge period of a mercuric
oxide cathode, formation of micro particles of metalic mercury forms through-
out the plate; this results in a drop in plate resistance and an increase

in cell voltage. One mix was made with a fifteen percent metalic mercury
addition to simulate the state of the plate after 15 percent discharge.
Discharge results presented in Figure 26 show some effect due to this
addition. Examination of this mix at 60 x magnification showed a wide

range in mercury particle sizes. Special blending techniques would be
required to give the micro dispersion of mercury, mercuric oxide, and

carbon necessary to raise the voltage level.

An alternative to special blending would be to partially discharge the
cathode during processing. Dispersion can be accomplished electrochemically
or by partial reduction of the mercuric oxide through chemical means during
cathode plate processing.

The partial reduction of mercuric oxide was studied in an attempt to determine
the effect of the resultant micro dispersion of mercury on cell voltage

characteristics.

Cathode plates of 10:1 ratios were processed and treated with formaldehyde
solutions of different strengths. Discharging of single plate cells showed
that the reduction with weak solutions had no effect on voltage or capacity.
The cells treated with strong solutions showed excess reduction of the

mercuric oxide and did not function.

Control cells made with untreated 10:1 cathode plates had an initial five-
second voltages of 1.57. This improvement in initial voltage over pre-

viously reported results resulted from an improved dry mix procedure.
The procedure consisted of ball milling the mercuric oxide with 50 per-
cent of the required carbon for one hour, followed by milling with the

remaining carbon for several minutes.
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FIGURE 29. LOW-TEMPERATURE CAPACITY DATA FOR Mg/Mg( €10,) 2/330 RESERVE CELLS
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Partial Reduction in the Cathode Mix

One cathode mix was made with a CMC solution containing two percent formal-
dehyde to test the effect of partial reduction in the mix. This solution
was_sufficient to reduce the one 10:1 mercuric-oxide mix by 15 percent.
However, no improvement in cell performasnce was obtained with this mix

at the thirty-minute discharge rate compared to an untreated mix. Low-
temperature discharge (-4O°F) showed no improvement in initial cell volt-
age and showed reduced operating voltage.

— e e ot e o am o e a ew s m  ae ww wm . - ———

Mercuric-oxide reduction, by limited discharge at low rates, resulted in
a slight improvement in initial voltage at -4O°F. The test cell was
discharged at two amperes for ten minutes at room temperature and then
placed at -4O°F until the temperature stabilized. The cell was then

discharged at ten amperes. Test results are shown in Figure 30. Magnesium

perchlorate (5N) was used as the low-temperature electrolyte for these
cells.

Manganese dioxide is another material which has a high operating voltage.
Consequently, several mercuric-oxide cathode batches were made, with
synthetic MnO2 added to the mix. Additions of up to 10 percent type-M
or type-L manganese dioxide had no effect on the initial voltuge at the
10-ampere drain.

A 6:1 ratio HgO cell with 10 percent type-M Mn0,, gave the equivalent
capacity of a 8:1 ratio mercuric-oxide mix. The cathode efficiency for
a 20 percent cutoff voltage was 87.3 percent, based on the cambined HgO-

and -MnO, theoretical capacity.

2

Data show that heat evolved from magnesium reserve cells during high-
rate discharge is a major ‘problem affecting efficient cell performance.

3-18
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In a2 magnesium cell, two reactions occur at tue anode:

The electrical-energy-producing reaction
++

Mg Mg # 2e— (1)

The corrosion side reaction
Mg + 2H 0 —mMg (o;{)2 + H, - (2)

Both of these reactions produce heat. Reaction No. 1 gives off heat be-
cause of the irreversibility of the magnesium anode in aqueous electrolytes.
Reaction No. 2 is exothermic. The heat given off by these reactions may

be calculated with sufficient accuracy for present purposes.

The heat produced by reaction No. 1 may be calculated for any magnesium
cell from the following equation:

W = A-VeT (3)
Where W is watt-hours, A is current drain in amperes, V is the voltage
difference between the reversible potential of the magnesium anode
and the operating potential of the magnesium anode, and T is the time
in hours. V is approximately 1.l because, under most conditions, the
magnesium anode operates at 1.2 to 1.3 volts vs. S.H.E., whereas the
reversible potential is 2.34 to 2.40 volts vs. S.H.E. Heat in calories
is obtained by multiplying watt hours by 860. '

The heat due to the corrosion side-reaction is calculated by first
determining the ampere-minutes of magnesium utilized in the corrosion
reaction. This is given by the following equation:

AM. = AT .E

Where A is current drain, T is time and E is an efficiency factor
determined by the ratio of percent of anode corrosion to percent of
anode efficiency. The heat produced in calories is determined by
relating ampere minutes to moles of magnesium multiplied by

aH for the corrosion reaction which is 82.6 Kcal/mole.

The total heat evolved from a magnesium cell per hour is due to the two
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heat-producing reactions, and is a function of current drain. Heat evolved
under different current-drain conditions is shown in Figures 31 and 32.

The 100-percent line represents heat evolved only by the irreversibility

cf the magnesium. The heat evolved from the corrosion reaction is presented

in Figures 33 and 34,

The significance of the thermal data can be realized from the analysis of

a mercuric-oxide reserve cell at a constant-current discharge of 10 amperes.
Figure 31 shows that 13.5 Kcal are evolved per hour at 10 amperes at 80
percent anode efficiency. For the 5-ampere-hour mercuric-oxide cell,

6.75 Kcal are evolved in the half-hour discharge. This quantity of heat

is sufficient to vaporize up to 1ll.5 grams of water.

Capacity data for a magnesium (AZ-21 alloy) mercuric-oxide reserve cell
discharged at a constant current of 1l0-amperes in 2N Mg( ClOu) o is presented
in Figure 35. A heat sink of 150 ml of water was used. The cell was
discharged for a total time of 36.25 minutes. The magnesium anode efficiency
was 80.7 percent, as determined by measurement of weight loss. The total
heat evolved during the discharge time was calculated from the data of
Figure 31 at 80-percent efficiency and is 8.15 Keal.

Measurement of the temperature rise in the water heat sink and electrolyte
showed a heat output of 4.15 Kcal., The difference in the measured heat
and that calculated from the data in Figure 31 may be accounted . by
these factors:

a. Reduced anode polarization at high temperatures.
b. Inhibition of the anode by mercuric ion.

¢. Heat absorbed by the cell.

d. Heat loss to boiling in center of cell.

The above analysis shows that an efficient heat sink is a necessary require-
ment in the design of high-rate magnesium cells. Without this heat sink,
close voltage tolerances cannot be attained and cell capacity will be

limited because of water loss. It should be noted that the resultant heat
evolved is independent of cell size; most cathode materials used with
magnesium operate close to their reversible potential, and their contribution
to the total heat evolved is omitted in this analysis.

3-20
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The data given in Figures 31 to 34 can be extended for use in magnesium
battery design at any discharge rate. Previous studies of 6-volt mag-
nesium batteries at a 12-hour rate showed excessive heat build-up after
three hours discharge at room temperature. These stﬁdies indicate that
heat evolved from magnesium dry-cell pack batteries can present a problem
in confined systems. The data are extremely useful in low-temperature
battery design where conservation of heat is important.

3.2.3.5 Voltage Control by Heat Sink Techniques

Previous experiments which used water as a heat sink showed that cells
could be operated at the half-hour rate at 10 amperes within a voltage

~ tolerance of #5 percent. Battery design necessitates the use of heat-sink
methods other than water. Studies employing metal-jacket techniques were
carried out; the results are summarized in the following sections.

A three-cell five-ampere mercuric-oxide reserve battery using single-cell
plastic cases wrapped with copper foil was constructed. The three cells
were wrapped a3 a unit and placed in contact with 0.125-inch-thick
aluminum plate.

Discharge of the battery at a 1lO-amperes constant-current drain showed
that this method of heat sinking was inadequate for high-rate discharge.
Battery voltage could not be maintained at a close tolerance level, and
additional water had to be added to the cells throughout the discharge
to prevent cells from drying out. The discharge data are presented in
Figure 36. Although this method of heat control was unsatisfactory at
high discharge rates, it is sufficient for lighter drains.

—_— e e - mm em o e G S w o e E mm e e - mm Ee o e - o

A study was made of the use of an aluminum cell case in place of the

rigid plastic case employed in previous tests. Cells were constructed of
three cathode plates,measuring 3 x 3-1/8 ", and four C.P. magnesium anodes.
These cells had a theoretical cathode capacity of 300 ampere-minutes.
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The cell elements were placed in thin polyethylene bags and installed
an 1/16-inch-thick aluminum case with a 3/8-inch air space between cell:.
The cells were activated with 19 ml of 2N magnesium perchlorate, and
discharged at 10 amperes in contact with an aluminum base plate.

Discharge data showed poor voltage reguletion because of excessive heat
build-up within the cells. Figure 37 shows the discharge characteristics
of two 3-cell constructions. The upper curve isA for the 3 cell battery
described above. The lower curve is based on data fram a single cell
having a water heat sink. Average voltage for the 3-cell battery was
5.7T4 volts to the 20-percent voltage drop point. Computed data for the
other battery shows an average voltage of 4.56 volts to the 20-percent
voltage-drop point.

3.2.3.6 Low-Discharge-Rate Cell Studies

Capacity data were determined for magnesium/mercuric-oxide reserve cells
in a 5N magnesium perchlorate solution over a discharge range of two to
eight hours. Cells for this study were constructed with five 2 x 2-inch
mercuric-oxide cathode plates made with a 10:1 ratio of mercuric oxide
to-Shawinigan carbon black, and having a theoretical capacity of 277
ampere-minutes. Six 2 x 2 x .010-inch C.P. magnesium plates were used
as the anode. Cells were activated for five minutes with 19 ml of
electrolyte, and discharged at constant current drains of 0.5, 1.0, and
2.0 amperes at room témperature and with no heat sink.

The capacity data are presented in Figure 38. These data show that a
voltage tolerance within five percent was obtained for most of the discharge.
The cathode efficiency was 90.2 percent when measured to a 20-percent
voltage-drop point, at a discharge rate of two amperes. The efficiency was
94.6 percent for a discharge rate of one ampere vhen measured to a 20-
percent voltage-drop end point. At the O.5-ampere discharge the ef-
ficiency dropped to 78 percent because of excess magnesium corrosion.
Magnesium C.P., cannot be used efficiently at low current drains in a 5N
magnesium perchlorate electrolyte; an AZ-21 or AZ-31 magnesium alloy must

be used.
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3.2.3.7 Low-Temperature Stu‘dies‘

Mercuric oxide cells of 277-ampere-minutes theoretical cathode capacity
were used for all characterization studies. Two types of cell cases

were used for the low-temperature studies; a non-insulating rigid plastic
case, and a similar case with a one-half.inch-thick polyurethane foam
Jjacket added.- The cells were activated with 5N magnesium-perchlorate
electrolyte at room temperature and allowed to stand at the test ambient
temperature for a period of five minutes prior to starting the discharge.
This type of activation procedure is similar to that used in meteorolegical
applications.

The characteristics at -4°F were obtained for mercuric-oxide cells which
were enclosed in a non-insulating plexiglass case. The cells were activated
with 5N magnesium perchlorate electrolyte at -4°F and allowed to stand

for 15 minutes prior to the start of discharge. The results of these tests
are summarized in Table IX, which also includes data for cells activated
and discharged at -4O°F. Figure 39 shows the resulting discharge curves
obtained from the data.

The capacity data for single cells discharged at constant-current drains
of 0.5 to 4.0 amperes and at temperatures as low as -58°F are presented

in Table X. The data show that room-temperature capacity can be approached
at low temperatures by insulating the cell case to conserve the heat
evolved from the magnesium reactions. With the 4.0-ampere discharge, a
sufficient internal cell temperature is maintained to give room-temperature
capacity. The capacity of the non-insulated cell at an ambient temperature
of -LO°F drops to 60 percent of the room temperature capacity as shown in
Figure 40,

Discharge curves for both cells at an ambient temperature of -LO°F are
L2 X AT TOR vy R " I W N

presented in Fgure 1. Date for the cells at an’ambient temperature’of
-58°F are presented in Figure 42,

‘Three-cell batteries were constructed of cells similar to those described
above to determine the low-temperature characteristics of a multiple-cell
unit. The three-cell batteries were activated with room-temperature SN

- 3-23
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CAPACITY TO 20-PER-
CENT VOLTAGE DROP

DISCHARGE | AMBIENT | DISCHARGE AVERAGE |

CURRENT | TEMPERATURE | TIME  VOLTAGE | CELL CASE

(Amperes) (°F) (Hours)| (Min.)| (Volts)
0.5 +70 8 45 1,87 ' noninsulated plastic
0.5 - s | — 1.53 ' noninsulated plastic
0.5 =40 6 15 1.18 ' noninsulated plastie
0.5 -4 6 30 1.62 ' 1/2-inch polyurethane
0.5 =40 4 10 1.51 ' 1/2-inch polyurethane
0.5 ‘ -58 2 — | 1,55 1/2-inch polyurethane
1.0 +70 4 22 1.81 ' noninusulated plastic
1.0 -4 2 10 1,57 noninsulated plastic
1.0 =40 2 30 1.0 noninsulated plastic
1.0 ‘ -4 3 50 1,67 1/2-inch polyurethane
1.0 =40 3 mu | 1,69 . 1/2-inch polyurethane
1.0 58 3 — | .64 1/2-inch polyurethane
2.0 +70 2 5 1.7 noninsulated plastic
2.0 -4 1 15 | 1,56 noninsulated plastic
2.0 =40 1 Y4 | 1.36 ' noninsulated plastic
2.0 -4 2 12 1.67 ' 1/2-inch polyurethane
2.0 -40 1 9 | 1.63 ' 1/2-inch polyurethane
2.0 -58 1 41 1.66 | 1/2-inch polyu.~thane
4.0 -58 1 6 1.7 1/2-inch polyurethane

Mr-55

TABLE X, CAPACITY DATA FOR }Jg/W(CIO4)2/HgO RESERVE CELLS AT
VARIOUS DISCHARGE RATES AND TEMPERATURES,
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magnesium-perchlorate electrolyte as in the previous single-cell tests
and discharged at a one-ampere rate. Discharge airves for these bat-
teries, both with and without polyurethane insulation, at an ambient
temperatures of -40°F and -58°F are presented in Figures 43 and 4&4. The
data show that full room-temperature capacity was obtained with the .
insulated battery at -4O°F end 85 percent of room temperature at -58°F.
For the non-insulated battery a 50-percent capacity was obtained to a
20-percent voltage-drop end point. The gradual decrease in voltage is
caused by heat loss from the cells. It should be noted that magnesium/
mercuric-oxide cells have an operating voltage of 1.20 volts at -4O°F

where no heat is conserved.

Figure 45 shows the discharge characteristics of a six-cell magnesitm/
mercuric-oxide battery with a theoretical cathode capacity of LL.3
ampere-hours when it is discharged at 1.5 amperes at -4O°F, and is made
with a one-half-inch-thick polyurethane foam jacket. Battery specifica-
tions and capacity date are summarized as follows:

Battery weight with insulation. . « « « « « « « « « 7.6 pounds
Battery volume with insulation. . « « ¢« ¢ ¢« o o « 290 cubic inches
Capacity at 21.1°C
Watt-hours per pound . « « o o ¢ ¢ ¢« o o ¢ o ¢ 55
Watt-hours per cubic inch. ¢ ¢ o « o o ¢ o o o 3.17H*
Capacity at -40°C
Watt-hours per pound . . « « « o =« & ¢ s o o « 56
Watt-hours per cubic inch. . « « o « o « « o o Ll.UT*

*Function of the design of the foam jacket.

Note: The thermal conductivity of the polyurethane insulation
is 0.13 Btu/square foot/hour/inch. Camparison data
given at 68°F were computed from a single cell dis-

charged under ideal conditions, %g low temperat
batte%ms stored overnight at -40°F and activat

with -LO°F SN magnesium perchlorate electrolyte.
battery was thenggraught to a higher initial operating

temperature by discharging it for five minutes at 10
amperes and using the available heat energy,which 1is
evolved by the irreversibility and corrosion of the

magnesium.
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3.2.3.8 Activated Stand Tests

Mercuric-oxide reserve cells with a theoretical cathode capacity of 185
ampere-minutes were constructed having pure-silver grids and AZ-31 mag-
nesium anodes. The cells were¢ activated in 2N magnesium-perchlorate
electrolyte containing 1 gram/liter of lithium chromate, and were dis-
charged at five amperes after various stand times. An activated-stand
time of one week revealed a loss of five-percent capacity to a 20-per-
cent voltage-drop point. The average voltage was 0.03 volts lower

than a cell discharged after two minutes activation. The data are
presented in Figure L6. Cells discharged after an activated-stand time
of two weeks revealed complete corrosion of the magnesium. Similar cells
tested with silver-plated copper grids failed because of excessive anode
and grid corrosion.

The AZ-31 magnesium used in the above tests was not stabilized; sur-
face treatment may offer some improvement in stand time. The data show
that an activation-stand time of one week can be expected from the mag-
nesium/magnesium-perchlorate/mercuric-oxide reserve system with its
present design. The activation stand time of C.P. magnesium anodes would
be much less than magnesium alloys; C.P., magnesium corrodes more readily
than magnesium alloys.

3.2.3.9 Storage Tests

Capacity data were determined for ma.@esiwn/mercuric-oxid.e reserve cells
with a theoretical cathode capacity of 276 ampere-minutes. The cell
consisted of six AZ-31 anode plates and five 8:l-ratio cathode plates.
These cells were stored at room temperature in plastic bags open to the
atmosphere for a period of 19 months. Cell-discharge data at a constant
current of 3.0 amperes are presented in Figure U7. A cathode efficiency

of 86 percent was obtained as compared to an efficiency of 85 percent
for the initial fresh-cell discharge. These results show that there was
no loss in capacity over the 19-month storage time, and that this system
exhibited good reserve-cell stability.
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3.2.4 Comparison of Mercuric-Oxide and Cupric-Oxide Reserve Cells

Since the average operating voltage of a mercuric-oxide cell is approximately
twice that of an equivalent cupric-oxide cell, a comparison of the discharge
capacity between these two systems should be made on an equivalent-power- |
output basis or discharge rate. It should be noted that the cupric-oxide
cell operates at twice the current density of the mercuric-oxide cell with
the sam? number and size of plates.

A comparison of four-cathode-plate and five-anode-plate cells of equivalent
size is given in Table XI.

The discharge curve for the cupric oxide cell is given in Figure 48. The
discharge curve for the mercuric-oxide cell is given in Figure.2i. These
data show that the mercuric-oxide cell is more promising at high discharge
rates. Further advantages of the mercuric oxide cell are shown in the
polarization curves of Figures 49 and 50. These are discussed in detail
below.

3.2:4.1 High-Rate Polarization Studies

The beneficial effects of mercury compounds for increasing magnesium-anode
efficiency in cupric-oxide cells were shown in the Second Quarterly Report.
The mercuric-oxide cathode also acts to increase magnesium efficiency. This
is due to the low solubility of mercuric oxide in the electrolyte.

Polarization studies at high current density (70°F) were carried out to
determine the maximum current density for operation of the cupric-oxide
and mercuric-oxide reserve cells. Test cells consisted of a single two-
inch-square, .Oll-inch-thick C.P. magnesium anode plate and two cupric-
oxide cathode plates in excess 2N magnesium-perchlorate electrolyte. A

silver/silver-chloride reference electrode was included in the cell. The
results are plotted in Figures 49 and 50.

The data shows that both the cupric-oxide and mercuric-oxide cathodes
polarize only slightly, while the anode polarizes badly, at the higher

3-26




RESERVE CELL
MAGNESTUW/ MAGNESTUM/
DESCRIPTION MERCURIC~OXIDE CUPRIC-OXIDE
| Theoretical Cathode Capacity, mn 340
‘ ( anpere~minutes)
Discharge Current (amperes) : 10 20
Discharge Time, 20% Cutoff 3 13.6 1.0
(minutes) i
Average Voltage (volts) 1,645 ‘ 0.815
Watts | 16.45 16.3
Cathode Efficiency (percent) .5 64,7
Element Weight, Wet (grams) ; 41.0 | 40.4
Watt-Hours Per Pound of Element 41,3 33.6
Weight
MT-56

TABLE XI, COMPARISON OF FOUR-~CATHODE AND FIVE-ANODE-PLATE RESERVE
CELLS OF BQUIVALENT SIZE,




.00

4.1 MIX RATIO

10 % -AVERAGE VOLTAGE —

0.8I15
0.60
0.40[-
0.20 1 I L ! 1 i ! I
o] 2 4 6 8 10 12 14 16
MINUTES ML-286

FIGURE 48. CAPACITY FOR A ng/Mg(cm,,)z/cuo RESERVE CELL DISCHARGED AT 20.0 AMPERES.
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current densities. A marked difference is noted in the magnesium pola,rizé-

tion between the two cells. The curve for the mercuric-oxide. cell is much
flatter with increase in current density and the magnesium operates at a

higher potential. These results are probably due to a dual @ffect of mercury on
the magnesium electrode. The mercury disrupts the oxide film, pemitting

the magnesium anode to operate at a higher potential; ﬁhe mercury also acts

a8 an cethodi¢ inhibitor, reducing the rate at which hydrogen is evolved

at the local cathodes on the magnesium anode.

The data illustrate the advantage of the mercuric-oxide cell over the
cupric-oxide in that it operates at a lower current density for the same
power output.

Camparison of the data for cupric-oxide and mercuric-oxide cells shows that
watt-hour capacities are similar at the one-half-hour discharge rate at the
present state of development. The mercuric-oxide system has the advantages,
however, of higher, flatter voltage characteristics, lower current density
operation, and less heat to dissipate per watt-hour-of-electrical-energy
output. Further cupric-oxide mix and component development should result
in capacity improvement to the 50-watt-hour-per-pound range.

3.2.5 Magnesium-Manganese Dioxide Reserve Cells

Room-Temperature Studies

Capacity data were determined for magnesium/manganese-dioxide reserve cells
in SN magnesium-perchlorate electrolyte to the 0.9-volt cutoff point. The
cells were discharged at constant-current drains of 2.0, 1.0, 0.5, and 0.25
amperes at room tempersture. Cells for this study were constructed with
four 2x2-inch manganese-dioxide cathode plates having a 10:1 ratio of man-
ganese dioxide to Shawinigan carbon black, and a theoretical capacity of
205 ampere-minutes.

Five 2 x 2 x ,010-inch C.P. magnesium plates were used as the anode. The
cell cases were of uninsulated, rigid plastic. Cells were activated for

15 minutes with 30 ml of electrolyte prior to discharge.
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The capacity data are presented in Figures Sl and 52. These data show a
drop in efficiency for the O.25-ampere discharge because of excess magnesium
corrosion. This condition also existed with the magnesium/mercuric-oxide
system, as stated previously. An AZ-21 or AZ-31 alloy must be used to
offset the zorrosion effects.

3.2.5.1 Tow-Temperature Studies

Characteristics at -20 and -4O°F were obtained for manganese-dioxide cells
enclosed in an uninsulated plexiglass case. The cells and electrolyte

were conditioned at the ambient temperature for 16 hours prior to activetion
and discharge. Discharge was started approximately 15 minutes after activation.

The capacity data for single cells discharged at constant-current drains of
0.25 to 2.0 amperes, and at temperatures as low as -40°F, are presented in
Table XII. Figures 53 through 56 show the resulting discharge curves
obtained from this data. Cathode efficiencies at various temperatures and
current drains are presented in Table XIII, and indicate that efficiency

at -20 and -4O°F is independent of current drain. '

It is apparent from the above studies that magnesium/manganese-dioxide
batteries can be designed with excellentv low-temperature characteristics.
If these cells were insulated for peffonna.nce at these low temperatures,
they would most probably have an increase in capacity similar to that of
the magnesium/mercuric-oxide system.

3.2.5.2 Anode Efficiency

During discharge of mercuric-oxide cells, mercury metal is deposited on

the magnesium anode causing a decrease in the corrosion reaction and
resultant hydrogen evolution. The anode efficiency of cells, with a 6:1 ratio
cathode calculated by magnesium weight loss was approximately 81 percent

at the 10-ampere drain. This agrees with the data obtained for the mercuric
chromate inhibitor in copper-oxide reserve cells.

3.2.5.3 Efficiency vs. Temperature Study

A program was set up to measure the anode efficiency of magnesium/magnesium-

3-28
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CAPACITY TN 0,9-VOTT CUTOFF
DISCHARGE AMBIENT
CURRENT DISCHARGE TIME AVERAGE VOLTAGE
(amperes) (°F) (hours) (minutes) {volts)
,72 9 haded low
0.25 ~20 5 33 1.38
-40 5 20 1.26
7 - 50 1.68
0.50 -20 3 3 1,27
72 2 35 1.55
1.0 -20 1 27 1.28
=40 1 8 1.20
72 1 3 1.43
2.0 =20 - 45 1.22
-40 - 35 1.1
MP-19
TABLE XII, CAPACITY DATA FOR Mg/Mg(Cl0 4)2/13:02 SYSTEM,
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henue TR B BN T S—

CATHODE EFFICIENCY TO C.9 VOLT (PERCENT)

%mﬁm TR°F -20°F ~40°F
2.0 61 44 3%
1.0 75 43 33
0.5 70 45 32
0.25 66 IA | 39

TABLE XIII, CATHODE EFFICIENCY OF Mg/Mg(Cl0 4)\2 AT VARIOUS

CURRENT DRAINS AND TEMPERATURES,

Mr-20




perchlorate cells as a function of temperature. Tests included efficiency
measurements of commercially pure magnesjum, AZ-10, AZ-2l, and AZ-31 alloys
at both high and low current densities. Studies were conducted at a current
density of 1.5 xn.a./cm2 and results are included in the following section.

Test Procedure

Test ceils were assembled using two 1-3/8 x 2-inch copper-cxide reserve-
cell cathode plates and one 1-3/8 x 2-inch magnesium anode plate having

a total surface area of 35.5 cm2. Anode plates were prepared by degreasing
in acetone and pickling in an aqueous solution of 400 cc/l1 glacial acetic
acid and 50 g/l sodium nitrate. The cells were placed in a plastic bag R
perforated at top and bottom and held in position with tape. A silver/
silver-chloride reference electrode was included in the cells for half cell
measurements.

The cells were positioned in a 400 ml beaker with plastic spacers. The beaker
was filled with 2N magnesium perchlorate, and immersed in a constant temperature
water bath with a #1°C variation.

Discharge was started,l5 minutes after filling with electrolyte,at & constant
current of 1.5 ma/cme. The discharge was terminated after several hours

and the cells were placed in deionized water. The oxide film was removed
from the magnesium anodes by dipping in an agueous 250 g/l chromate solu-
tion with 10 g/l silver nitrate, washing in deionized water, and drying

with acetone. The loss in weight was determined by veighing on an analytical

balance before and after discharge.

Data for cells containing C.P. magnesium anodes and AZ-10 alloy anodes dis-
charged at 1.5 ma/cnnz over a temperature range of 20° to TO°C are presented
in Figure 57. It is seen that anode efficiency decreased sharply initially
with increase in temperature and leveled off between 5C and 70°C. The
efficiency of AZ-10 alloy at 25°C was 62 percent, which is 10 to 15 percent
lower than the maximum efficiency obtained at higher current densities.

A l.5 rna,/c:n2 drain corresponds approximately to a 75-hour rate for an AA-
size magnesium/magnesium-perchlorate/magnesium-dioxide (type M) cell and
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a 100-hour rate for an AA-size na.gnesitm/ma@esim perchlorate/copper oxide
cell. It is seen that in batteries without a suitable heat sink, the
temperature of the cells could build up during discharge, causing a decrease
in the magnesium efficlency and overall cell capacity. This problem is
obviously enhanced at higher current densities with the increased rate of
heat evolution and presents a very definite design problem. It should be
noted that the AZ-10 zhagrlesitm anode‘ operates at 30 percent efficiency at
55°C, with the remaining 70 percent going into the heat-producing and water-
consuming corrosion reaction.

The data for cells containing C.P. magnesium, AZ-10, AZ-21, and AZ-31 alloys
are presented in Figure 58. A slight decrease in efficiency was obtained

with the various alloys over the temperature range, 20 to 70°C. This de-
crease would have little effect on magnesium cell performance. Corrosion

of pure magnesium, however, is accelerated above 30°C, with the efficiency
dropping to 40 percent at 70°C. This increase in corrosion rate with
temperature increase results in an increase in operating voltage level in
high-rate reserve cells. However, it will result in a cell-capacity drop

if not properly controlled. Proper battery design must be used .to distribute
heat evolved during the cell reaction and prevent local overheating.

Efficiency vs. Duty Cycle Study

Previous studies have shown poor performance of magnesium cells on intermit-
tent service. A program was set up to determine limitations of the magnesium
anode in this type of application.

Test cells were constructed with AZ-10 and AZ-2l alloy similar to the ef-
ficiency-temperature study cells summarized in the Second Quarterly Report.
The test procedure consisted of discharging cells at room temperature in
excess 2N magnesium perchlorate electrolyte on a constant-current drain

of 10 ma/ cn® for 15-minute intervals with varying times on open circuit.

The average efficiency data for magnesium are plotted in Figure 59. The
efficiency was found to decrease 10 to 15 percent for a l15-minute
closed-circuit/two-hour open circuit-duty cycle, with a constant value

3-30
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being reached on a 15-minute closed-circuit/16-hour open-circuit duty
cycle. The efficiency on a 15-minute closed-circuit/2h-hour
open-circuit duty cycle averaged 25 percént for the AZ-10 alloy and 40
percent for the AZ-21.

Test Cell Composition

A manganese-dioxide cell with a reserve-type cathode, was selected over a
cupric-oxide cell to avoid accelerated magnesium corrosion caused by a
possible copper solubility at low-current densities. The cathode-mix

composition used was as follows:

Mnoa(tt:ypem)......‘....lwg

Shawinigan carbon black. . « « « 17.0 g
BaCrOu_.............s.Og
Mg(OH)z.......‘.‘....‘. 5.0 g
CMC Solution, 1.5 percent. . . . 120.0 ml

Cathode plates were made using 1.375 x 2-inch silver-plated 5Cu5-k4/0
expanded-copper-screen grids and four grams of the above mixture per plate,
with filter paper as the separator. Test cells were assembled using two
cathode plates and one 1.375 x 2 x .022-inch AZ-21XA magnesium anode plate.
The theor=tical. cathode capacity was Th.l ampere-minutes. This is comparable
to a AA-size magnesium/magnesium-perchlorate/manganese-dioxide cell which

has a theoretical cathode capacity of 69.7 ampere-minutes. The cells were
placed in plastic bags, which were perforated at top and bottom. The cells
were discharged while immersed in excess 2N Mg(Cloh_) 2 containing one gram

per liter of L1,Cr0, and 0.5 grams per liter of Mg(OH)‘a.

Average test results are summarized in Table XIV for various contimuous and
intermittent drains. The data show that no significant difference on AZ-21XA

magnesium efficiency was obtained over a current-density range of .096 to

5.9 ma per an2 and that there was no significant difference in efficiency on
several two-minute and 18-minute transceiver-type drains. Two minutes at
100 ma and 18 minutes at 3.4t ma is an equivalent current density to the
BA-279-B2 unit drain for a AA-size magnesimn/magnesitm—perchlorate/manga.nese-
dioxide cell based on forty-one cells for the unit.
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TOTAL CURRENT GURR%"ETR gﬁns ™ ol.ggE vggrs ANODE EFFICIENCY
(mi1liemps) (mi11iamps) (hours) (percent)
25, continuous 0.70 37 70,4
57, a 1.6 15.5 ) 71.2
210, " 5.9 3.13 71.6
530, " 14.9 1 66.5
305, 2 min 8.6
25, 18 min } 0.7 15.5 69.5
210, 2 min | 5.9
25, 18 min } 0.7 19.75 71,0
150, 2mn | 4.2
10, 18 min } 0.28 37 68.8
100, 2 min 2,8
3.4, 18 min g 096 64.5 74,3
3.4 096 89.25 7%.2
Mr-57

TABLE XIV. MAGNESIUM EFFICIENCY AND CAPACITY DATA FOR
Mg( AZ-21XA )/Mg(C10 4)2/Mm)2 CELLS AT VARIOUS

CONSTANT-CURRENT DRAINS,
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Cathodes for the cell discharged at 3.’4 ma were made using pure expanded-
silver grids. Other cells made,using silver-plated-copper screen grids,
showed evidence of copper contamination on the drain and therefore, the
results are not included. The high anode efﬁ;ciency at this low drain is
explained partially by the beneficial effects‘" of excess chramate in the
electrolyte. Previous magnesium studies* with AZ-10 alloy showed poor
efficiency at current densities in this range.

Magnesium corrosion at the 3.4 ma drain was very irregular with the main
corrosion occurring,"around‘ the edges of the plate. This type of corrosion,
vhile maintaining good efficiency, would lead to perforation in a round-
type cell and early failure due to loss of water. Low-rate performance of
a flat-type cell would not be affected, provided a good seal was maintained.

Data presented previously showed no significant loss in efficiency at dis-
charge rates down to 0.096 ma per. cma. Tests were continued at this current
density to recheck the results obtained on the AZ-21 alloy, and to determine
low-drain efficiency of various alloys and the effect of & chromate inhibitor.

Test cells were the same as in previous tests, i.e., one anode plate and
two cathode plates, 1.375 x 2 inches. Manganese-dioxide cathode plates
wi.a pure-silver grids were used in all cells except the imhibitor test
where cupric-oxide plates were used. Average efficiency data for duplicate
cells is presented in Table XV and a typical discharge curve of a manganesge-
dioxide cell in Figure 60. The data show that magnesium AZ-21 has the
highest efficiency of the alloys tested, with an efficiency greater then

70 percent for six manganese-dioxide cells tested. Magnesium AZ-10C had

the lowest efficiency.

It should be emphasized that magnesium corrosion at this low current density

is very irregular, and results in large holes toward the latter part of dis-
charge. In addition, this high anode efficiency could be realized only in

a flat-type cell construction, since round-cell perforation would limit the
discharge. The use of a chromate inhibitor increased the efficiency up to
ten percent.
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MAGNESTUM " ANODE
ALIOY CATHODE INHIBITOR EFFICIENCY
(percent)
AZ-21 MnO,( type M) 3% BaCr0 4 1n mix 7.6
1g/1 14010,, in
electrode
Az-21 M0, (type M) | 3% BaCi0,, in mix 71.8
AZ-31 M0, (type M) ' 3% BaCr0 4 in mix 67.7
AZ-=10 M0, (type M) | 3% BaCr0 4’ in mix 63.8
AZ-21 Cuw 1g/1 LiCx0 4 in
- electrolyte 61,7
AZ-21 Cw | none 52.8
MT-58
TABLE XV. MAGNESIUM-ANODE EFFICIENCY DATA AT A CURRENT DENSITY OF

0.096 MA/CMZ IN 2N Mg(CJD4)2

ELECTROLYTE,
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Figure 61 shows the anode efficiency of the two alloys as a function of
current density. For the AZ~-21X1 alloy, the data show a nearly-constant
efficiency. This, together with its excellent low-discharge-rate ef-
ficiency, makes this alloy desirable for use in magnesium dry cells and
low-rate reserve cells. The efficiency measured for the AZ-21X1 alloy
anode was somevhat lower than expected, ‘since in practice, efficiencies

as high as 80 percent have been obtained for this material in reserve cells.

The pure-magnesium anode has a much higher efficiency than the AZ-21X1
alloy anode at high-current densities and results in optimum performance
in high-rate reserve cells. At current densities below 3 ma/cmn2 the ef-
ficiency falls off sharply, limiting the use of pure magnesium at low dis-
charge rates.

Cell polarization data are presented in Table XVI together with the efficiency
data ‘and the anode composition.

3.2.5.4 Correlation of Anode Efficiency with Magnesium Corrosion Film Studies

Measurements of capacitance and resistance of the magnesium corrosion film
were related to film area and film thickness, and predictions were made of
the anode efficiency of AZ-21X1 and pure magnesium. Figures 62 and 63

show the relationship between exposed anode area and anode efficiency as

a function of current density. The data show that the exposed area (AT - Af)
decreases with decreasing current density to a point where the total anode
surface is covered with corrosion film. This occurs at 1.7 ma/ cm2 for pure
magnesium, and 0.3 ma/cm2 for the AZ-21X1 alloy.

The rate of corrosion film formation is much greater for the pure magnesium,
as indicated by the higher current density required to have exposed magnesium
present. Below this current density the corrosion film formation rate in-
creases as the load-current density decreases, resulting in a decrease in
anode efficiency.
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| ¢. p. manestoY) | az-21x1 awsoy (®)
APPARENT 3

CURRENT cerr'?’ | anoDE cerrl®) | avoe |
| DEnsITY VOLTAGE | EFFICIENCY | VOLTAGE | EFFICIENCY |
' (me/cm”) (volts) | (percert) (volts) (percent)
10,9 0.9 | 82.3 0,50 | 66.9
7.8 0,64 81.8 0.5 | é1.1
3.6 | om | M4 | o8 62.2
2.0 0.82° | 73.6 066 | 671
046 | 094 | w7 | o 64.5
0.09 1.20 | 339 - 0.92 59.0°
Notes: MT-59

(1) pow sublimed Mg

‘ Cu Fe Mn N Po si SnZa
<.%5§ (,8'% GOOI (O0T ¢.001 ¢.0005 ¢,002 <,00 (.01  ,003

(2) pow az-21 |
1.96 .15 (001 .00l4 .06 ¢.0005 .004 <¢.0L (.01 1,08

(3) Magnesium vs platinized-platinum,

TABLE XVI, MAGNESIUM~-ANODE EFFICIENCY DATA IN 2N MAGNESIUM~
PERCHIORATE EIECTROLYTE,
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3.3 ELECTROLYTE RESEARCH STUDIES

3.3.1 Low-Temperature Electrolyte Conductivity

A program was begun to study the conductivity of various perchlorate solu-
tions with respect to temperature and to determine their suitability as

a low-temperature battery electrolyte. A literature study showed that
little data was available for perchlorate conductivity at low temperatures
and high concentrations. It was also found that phase-diagram data on

perchlorate-water systems is not available.

The specific conductivity of megnesium perchlorate and lithium perchlorate
solutions is presented in Figure 64, Measurements were taken using a
conductivity bridge Model RC-16Bl (Industrial Instruments Co) ,and a conduc-
tivity cell with a 1l.0-cell constant. These curves show that the magnesium
. perchlorate electrolyte was superior at low temperatures. At -40°C the
same conductivity was obtained foz; the 4 and 5N magnesium-perchlorate.
solutions and both should yield similar cell characteristics at this tempera-
ture. The marked decrease in conductivity at the low temperatures is one
factor causing initial low voltage on discharge as shown in Figure 23. In
Figure 64 the curves are extended down to the approximate freezing point
[ of the materials. The freezing point of SN magnesium perchlorate was
not reached. A study with 5N lithium perchlorate showed results similar
I i to the magnesium perchlorate and is not included in the data of Figure 6k

3.3.2 Specific Conductivity of Various Perchlorates

Electfical conductivity was determined for various perchlorate electrolytes
over a temperature range of +40° to -70°C. Measurements were taken using
a Model RC-16Bl conductivity bridge and a conductivity cell with a 1.0-cell
constant. Specific conductivity data for these solutions are given in
Table XVII. The results show that 6N calcium perchlorate and 6N strontium
perchlorate solutions are good electrolyte conductors down to -70°C. The
conductivity at -70°C is the same as a 5N magnesium perchlorate solution
at -45°C,
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TEMPERATURE. ( °C)
SOLUTION | CONC. w0 23 0 -20 | -bo | -5 [ -60| -70
Liclo, | & | 10,163 (0072 | F*| F
‘ 3N | W19 | 097 | F | F
,+N .l’«lll» i "”9 .01'8 ' F
SN | o143 | 099 | OB | F
' NaClo, N 0.164 L2315 | L067
Ly 294 | 149 L0091 | .055 | .OM7 F
6N | .313 .156 078 | .051 | .028 F
8N 0192 ' 012"" 0060 3036 .020 F
m(cmh)a‘ N | - .118 069 F | F F
SN olh’h 1089 ¢0h‘8 .018 0013
ca(cr0). | v | .67 232 | 03| F | F F | F F
Y2l iy 208 | .167 | 092 | .053 | .ou6 | F F F
6N | .167 116 078 | 055 | 036 | ' ,019 | o1k
8N Jd12 | .O0Th 037 | .030 F | F | F
sr(c10,),| N 259 | .xo4 | o177 | F F F F
Ly . 204 .135 087 | 066 | .050 F F
6N | .151 | .103 | .06l | ,O4O | .023 ,016 | .012
8N .079 053 | .027 | .013 [ .006 .002 | ,001
Ba(C10,),[ 24 | .03 | .08 | .59 [ F | F F
Ly JA92 | 134 083 | .056 | .0b6 F
6N . 170 i L] 127 4067 - OM'} . 027 F
8N 125 .086 060 | .035 F F

*F = frozen

MT-60

TABLE XVII. SPRCIFIC CONDUCTIVITY DATA FOR VARIOUS PERCHLORATE~-SALT SOLUTIONS AS
A FUNCTION OF TEMPERATURE AND CONCENTRATION.




3.3.2.1 Effect of Various Perchlorate Electrolytes on the Perforwance of
Magnesium/Mercuric-Oxide Cells

Low temperature capacity at =40°C was determined for ten-cathode-plate
magnesium/mercuric-oxide cells using SN Mg(Cth)é, 6N‘ca(Clou)2 and

. 6N Sr(Cth)g- The cells were stabilized at -40°C, activated with -LO°C-
electrolyte for 15 minutes,and discharged at the five-hour rate. Internal
cell temperature rose during the initial thirty minutes of discharge to a
constant temperature of -30°C. Capacity data for these cells are presented
in Figure 65. The results show a decrease in cell capacity for cations

of larger size. The cell with 5N Mg(clou)2 electrolyte had a cethode
efficiency of 56 percent, calculated to a 20-percent voltage drop. Anode

efficiency was 7O percent.

Additional st;dies were carried out at room temperature to determine the
factors limiting cell capacity with Ca(Cth)2 and Sr(ClOu)a electrolytes,
and to test the effect of mixtures with Mg(Cth)e. A single-cathode-plate
test cell which had a 35.2 ampere-minute theoretical capecity was used far
these studies. The cells were discharged at the five-hour rate.

The data.show that cell capacity decreases with an increase in salt cation
size, similar to those results obtained at -40°C. Cell voltage also
decreased. Mixtures with SN Mg(Cth)Q solution showed an increase in cell
voltage and capacity.

Half-cell measurements were taken on the 6N Sr(ClOu)a cell which used a
pressed-silver/silver-chloride reference electrode. The mercuric-oxide
cathode was found to be the limiting electrode, with the magnesium remaining
constant throughout the five hours of discharge. Examination of cells after
testing showed evidence of reaction of Sr(ClOLL)2 and Ca.(ClO‘k)‘2 solution

with the cathode plate. This occurred through increased corrosion of the grid
or reaction with the CMC binder.

3.3.3 Variation of Electrolyte Viscosity with Temperature

A possible explanation for the decrease in cell capacity at low temperatures
lies in the increase in viscosity of the Mg(ClOL)2 electrolyte with a

decrease in temperature.
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Viscosity data for a 3.58N Mg(Cloh)a electrolyte at various temperatures

are as follows:

70°F - 8 centipoises

32°F - 10 centipoises .
-20°F - 18 centipoises

As may be observed from the above data, an increase in viscosity of 10 cen-
tipoises is obtained with in decrease in temperature of 90°F. This
increase in viscosity can ~esult in concentration polarization of the

éell, thereby decreasing the cell capecity. The increase in viscosity
reduces the fonic mobility of the electrolyte which decreases conductance.
Data are presented in Figure 64 which shows the decrease in the specific

ccnductivity of magnesium-perchlorate electrolytes with temperature.

Table XVIII lists the viscosity of SN Ca, Sr, and Mg(Cth)2 electrolytes

at various temperatures.

It should be noted that Ca(Cth)a is more suitable with respect to
viscosity than the other electrolytes tested throughout the entire range.
Specific-conductivity data presented in Table XVII show conductivity of
Ca.(Cth)2

These electrolytes, however, did not increase the low-temperature capacity

and Sr(Cth)2 4o be better than Mg(Cth)e at low temperature.

of the mercuric-oxide -reserve cell,
3. DRY CELLS

A progrom was initiated to determine the shelf life of MG/MS(CIOu)z/MnOQ and
Mz/Mg(C10)) ,/Ou0 ary cells,

Cell Formmulations:

The Mg/Mg(Cth)o/MnOQ (Type M) cell was used for these studies. The composi-
tion of thic cell is listed below.

Matarial Percent by Weight
w0, (Type ) 84.5
Sha;iniqan carbon black (Acetylene) 9.7
BdCrOh 2.9
:»'.g(o;{)2 2.9
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ELECTROLYTE VISCOSITY (CENTIPOISES)

TABLE XVIII. VISCOSITY OF 5N Ca( c1o,+)

2’

sr(C10,),,, AND Mg(C10,),

ELECTROLYTES AT VARIOUS TEMPERATURES.

TE&P(ERAiURE ce(C10, ), 5r(C10,), Me( Eioh) >
§ °F =
70 10 12 10
32 1k 16 16
-4 20 20 18
=40 33 Lo L9
-65 38 74 60
MT-61




Wetness - (per 1000 g dry mix) e o o o o @ 507 ml of 2N Mg( Cth)awith
il 1g/1 L1,Cr0, and 0.5 g/1 Mg(OH) 2
Bobbin - 7 g of wet mix/AA-cell.

A 6:1 ratio of cupric-oxide-to-carbon was selected as a standard lot. The composi.-
tion is as follows:

Material Fercent by Weight
Cu0 {reagent powder) 82.4
Shawinigan carbon black (Acetylene) 13.7
Ba.CrOu 2,9
Me( OH)2 97

Wetness ~ (per 1000 g dry mix). « o 473 ml. 2N Mg(‘01oh)2,w1tn 1g/1
L1,Cr0, and 1/2 g/1 Mg(0H),,
Bobbin - 7.5 g wet mix/AA-cell

3.4e1 Synthetic MnO.

o Study

The increased stability in the presence of strong oxidizing agents of the
magnesium~-perchlorate electrolyte compound to the megnesium-bramide electro-
lyte permits the use of a more-reactive synthetic Mno2 in magnesium cells.
A sample of Type-L MnO,, was cbtained (Manganese Chemical Corp.) to test
compatibility and initial characteristics. Magnesium AA-size cells were
assembled witih this MnO, and used magnesium-bromide and magnesium-per&hlorate

2
electrolyte mixes. Cathode mix formulation for these mixes is as follows:

Material Percent by Weight
Type-L MnO,, 8.7
Shawinigan carbon black (Acetylene) 9.7
BaCr02 2.8
Mg( OH)2 2.8

Wetness - per/1000 g dry mix:
Magnesium Perchlorate mix » » » » 520 ml 2N Mg(Cl0,),,with 1 g/1
Li Cr0, and 1/2 g/1 Mg(OH) >
Magnesiun bromide mix . . + « « » 560 ml 2N MgBr,,with 1 g/1 L1,Cr0,
and 1/2 g/1 Mg(OH)2
BObbin. o o o o o s o o s o o o o o 11 g wet mix/A-size:cell
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Bromine vapors were evolved in the MgBr2 mix, indicating the activity of
the Type-L t4n02. Marnesium A-Cells were assembled and discharged
characteristics were determined at 4 ohms and 16—‘2/3\ ohms with both
electrolytes.

The results are summarized in Table XIX and Figure 66 and 67. The datas
show that good capacity at a high-voltage level is obtained for the Type-L
Mr102 cells, while the discharge time is less than for cells with Type-M
Mnoe, Although the total cell capacity is lower than that for Type-M cells,
the Type-L Mnoe may be of interest in special applications where the higher
voltage would be utilized.

Capacity

Shelf-life data, presented in Table XIX and Figure 3, have shown that good
capacity retention is obtained with Mg/Mg( €10,) 2/Mn02 cells and Mg/Mg( Cth) 2/
Cu0 cells. Although good shelf-life data have been obtained for.magnesium
perchlorate cells with both MnO2 and CuO cathodes, some cell lots have

shown considerable perforation on both the TO°F and 113°F storage tests.

It is believed that these failures are due to variation in can composition

and processing.

3.4.2 Dry Cell Parameter Studies

Extensive perforation of magnesium cans of the above shelf studies prompted
a re~evaluation of cell materials and assembly techniques., Further dry-
cell efforts were directed toward determining the factors causing this

perforation.

Anslysis of the 2N Mg(Cth)z electrolyte from various sources has shown
the electrolyte to be free of impurities. The trace amounts of impurities
noted are within tolerance levels as given for a MgBr2 electrolyte.

Accelerated corrosion studies with a 2N Mg( ClOu)z electrolyte have shown
that the magnesium AZ-10A cans badly corroded by the electrolyte after one

week at 130°F. The cans tested were from White Metal Co. and late pro-
duction runs from other sources. These studies indicate that
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shelf-life perforations are probably due to poor magnesium-can quality.
Unsupported work prior to this contract had shown that magnesium cans
(AZ~-10A4) were not badly corroded by 2N Mg(‘Cloh) o> 8nd were corroded to a
lesser extent than a control sample using a 2N MgBr2 electrolyte with and
without a chromate inhioitor. Tests have also indicated thai air-line
perforations in Mg( 010u)2 cells are caused by reaction with oxygen.

The cells were fabricated with the following formulation:

Percent
Amcunt Material ng Weispt!
391.5 g Mgo,, (Type M) 66.5
45,0 g Shawinigan Carbon Black 7.8
13.h g BaCr0, 2.3
3.k g Mg(OH)2 2.3
125.0 cc 3.58N Mg( c1oh) o electrolyte 22.1

3.4.,2.2 Capacity Data

Data on the hours of service, average operating voltage, cathode
efficiency, and watt-hours-per-pound of A-cells dischargedat the
various temperatures are presented in Table XX and XXVI. Capacity data
t0 a 0.9-volt cutoff voltage is presented in Figures 68 and 69. The
data show that a decrease in temperature results in a sharp drop in

the cell capacity of the system. The cells averaged 2.75 hours for
the 16-2/3 ohm drain, and 10 hours for the 50-ohm drain at -20°F.

This is 18 percent of the room temperature capacity. It should be
noted that the low-temperature characteristics of the Me/Mg( €10,) 2/m02
system are superior to those of the Le Clanché cell. '

Figure 70 illustrates the relation of capacity in smpere-minutes to

temperature and discharge rate. Figure 71 compares the variation of
cathode efficlency and cell capacity with the temperature and discharge

rate for Mg/Mg(Cl0,) 2/Mno2 A-cells.
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TEMPERA-|AVERAGE VOLTS{ DISCHARGE TIME|AMPERE-MINUTES EFFICIENCY| CAPACITY
TURE TO 0.90 v (T0 0.90 v) (%) (W-Hr/Lb)
{minutes) ‘

CURRENT ‘
) g};ngl)v 16-2/3] 50 16-2/3 |50 16-2/3] so  [6-2/3| 50 L6-2/3] S0
\ ‘

-20°F | 1.21 [1.30 | 2-3/% |10 12,0 | 15.6 | 9.3 |12.1] 6.3 | 8.7
| | |

-

32°F | 1.19 | 1.37 |14 50.5 ‘60.1 | 81.8 | 46.6 363.5 30.8 |[48.2

1

T0°F | 1.39 |1.46 [15-1/4 i56 76,5 | 98.0 359.3 76.9[45.8 |61.5

MT-63

DARLE XX, PERPORMANCT OF Mg,/z-‘:w(cmk) e/rfmo‘2 A~CELLS DISCHARGED CONTINUOUSLY AT
VARIOUS LAMTYRATURES THROUSH VARIOUS RESISTANCES.
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3.4.3 Low Temperature Studies

Capacity data for A-cells discharged through a l6-2/3-ohm load at"}O‘F
and at -10°F are presented in Figure 72. The data show that the cell
cepacity te sherply r2duced at the lower temperature and the cell retains
only 26.5 I}ercent of its roam-temperature capacity. The low-temperature
tests described above were conducted without covering or insulation.

In an effort to study the effects of insulation on cell capacity, two
battery packs (six A-cells per pack) were constructed, one with a cardboard -
case and one with a polyurethane-foam case. The cardboard-case battery
measured 2.05 x 1.425 x 2.175 inches and weighed 123.6 grams; the foam-case
battery measured 2.675 x 1.85 x 3.075 inches and weighed 136 grams. The
six-cell batteries were tested by storing at -20°F for 16 hours and
subsequently discharging them through a 100-ohm resistor. The capacity
data are presented in Figure 72. The data show that a discharge time of
three hours and 45 minutes was obtained with the foam-insulated battery

to a 5.4-volt end point with an average voltage of 7.55 volts; a dis-

charge time of two hours and 10 minutes was obtained for the cardboard-case
battery with a 6.2-volt average voltage. Although an improvement was
realized with the foam insulation, only one-third of room-temperature
capacity was obtained. Examination of cells after low-temperature discharge
show some evidence of shrinkage in the Nibroc separator. This would cause
poor contact between the anode and cathode and result in reduced cell
capacity. Studies were conducted to determine the effect of the separator

on low temperature capacity.

A study wes made of differences in cell components at temperatures of TO°F
and -20°F to determine possible causes of capaclity loss at low temperatures.
Cell anodes, cathode bobbin, separators, and carbom rods were measured and
examin-d at the two temperatures. No change was noted in dimensions of the
anodes or carbon rods. The separator and the cathode mix appeared wet and
similar to room-temperature appearance at the -20°F temperature. The only

significant variation noted was a slight loosening of the carbon rod in the
cathode nix.
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3.4.3.1 Cell Formulation

Cells were fabricated with the following cathode formulation:

Percent

Amcunt, Material 5 By Weiﬁ‘t)
783.0 g Mn02 (Type M) 53.6
90.0 g Shawinigan Carbon Black 6.1
26.8 g BaCr0, 1.1
26.8 g Mg(OH)2 1.1
526.0 ce 5N Mg(Cth)z‘electrolyte 35.9

3.4e3.2 Variations in Cell Construction

As euggested previously, poor performance at -20°F is caused by
contraction of the cathode mix away from the magnesium electrode and
carbon red. Accordingly, studies were conducted with various separator
materials which might expand when wetted by‘electrolyte.

New Separator Material

Separator materials investigated were Webril (R-2601) and microporous
polyethylene., Since the Webril material has a large, irregular pore
structure, it was necessary to back the Webril with Nibroc paﬁer to
prevent shorting. The Webril has a density of 160 g/Sq yard, and is
«OlU5-inch thick. The microporous polyethylene was .0l0O-inch thick.
The assembly of cells with the new separator was identical to that
of conventional cells. Little or no improvement in cell performance
vas realized with the use of either separator material, as evidenced
by the data presented in Figure 73. Inspection of discharged cells
showed that some cathode material was able to penetrate the Webril
separator. The cathode was also hard and dry.

3e4.3.5 Excess-Klectrolyte Studies

As a result of the observations made on the dxy condition of the cathode
after discharge, cells were assembled with 25 percent more electrolyte.

3-k1






Numerous problems were encountered in the assembly of the cells.
First, the cathode bobbin could not be extruded, and made filling
of the magnesium can an awkward and unpredictable prdcess. Most of
the test cells were shorted. Formulation of a Mn0,~cathode mix with

10 percent or more excess elecirolyte 1s not ideally suited for the

assembly and operation of the present A-cell design.
3.443.4 Prepelleted Cathode Electrodes

To further study the possibllity of capacity loss ‘due to contraction
of the cathode bobbin, cells were constructed with pressed cathcde
electrodes. The following cathode formulation was used:

Percent
Amount Material (By Weight)
109.5 g MnO,, (Type M) 52.6
.5 ¢g Shawinigan Carbon Black T.l
80.0 g 1.5% carboxy methyl cellulose
(cMC) solution 38.k4

This mix was pressed into a slug having the same dimensions as the
extruded bobbin, and a silver wire was inserted into the center of
slug to serve as the cathode collector. The pressed cathode slug

wes dried and inserted into the magnesium can. With the addition of
2.5 grams of SN magnesium perchlorate electrolyte, the cathode swelled
to fit tightly in the can. '

Capacity data for T0°F and -20°F operation of these cells are présented
in Figures 74 and 75. The cells were discharged on 16-2/3-ohm
continuous load without insulation. The room-temperature data given

in Figure 74 show an increase in ampere-minute capacity; however,

the watt-hour efficiency is approximately the same as that shown by

the ar:a under the curves. At -20°F (Figure 75), the cells with pre-
pelleted anodes had a severe loss in capacity. The low ionic conduc-
tivity of the electrolyte at this temperature and the increased internal
resistance due to the CMC appeared to be responsible for the poor per-
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formance. The low operating voltage at TO°F most probably was caused
_by.addition of the CMC,binder.

3.4.3.5 Studies of Electrode Surface Ares

A good low-temperature battery must possess the same characteristics

as a cell performing at room temperature. The efficiency of the \.
electrode reactions invelved in the operation of a battery depends
largely upon the area of the electrode surface available to the reactions.
At low temperatures, the ilonic conductivity of an electrolyte is
greatly impaired. Therefore, the anode surface area must be made large
to compensate for loss ir ionic conductivity at lower temperatures.

The increased surface area also serves to lower the current density
and spread out the poor conducting-reaction products of manganese
dioxide. In general, constructions vwhich provide large surface areas
are excellent choices for use at low temperatures.

The most convenient method of increasing the anode surface area in the
A-cell is to insert a magnesium rod in place of the carbon cathode
collector and to externally connect the rod to the can. This pro-
cedure increased the anode area by 50 percent. The positive conducting
rods were silver wires inserted into the positive mix. Figure 76 is '
a sketch of the cell construction.

Capacity data for the A-cells described above are presented in Figure 77,
These cells had a theorétical cathode capacity of 96 ampere-minutes,

and were discharged on & 16-2/3-ohm load. The data show that A-cells
with increased anode areas had increased capacity and watt-hour
efficiency compared to those of standard construction. A similar
inprovement in perfomé.nce was realized at TO°F, as evidenced by the

& ta in Figure 78.

Mo fursher determine the effect of surface area on the capacity of the

Mg/Mg (c10)) ;E/Mno‘,2 system at lov temperature, MnO,

were made with 2x2-inch silver grids and 8.7:1 dry-cell-mix ratio.

reserve-type plates
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Mg ANODE CAN AND ROD

SILVER CONDUCTING NIBROC SEPARATOR

WIRES

MnO, POSITIVE MIX

ML=-170

FIGURE 76. BASIC CONSTRUCTION OF LOW-TEMPERATURE A-CELL HAVING INCREASED
ANODE-SURFACE AREA.
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Two types of cells were made; the first had one cathode and one anode,
the second had one cathode and two anodes. The cells were discharged
on l6-2/3-ohm load at -20°F without insulation. The results, as
evidenced by the data in Figure 79, show capacity increased from

two hours and 12 sinutes to six hours end 20 minutes by doubling the
anode surface area., This increase in performance 1s similar tc that
found in the A-cells having increased surface area. An alternate
A-cell design which would take advantage of maximum electrode surface
area is one which used two thin, flat plates -- one of magnesium and
the other of manganese-dioxide spread or pasted onto a flexible grid.
The plates are placed on top of each other, with a separator between
them, and then rolled. The spiraled element is inserted into a
container. Data for cells discharged at -20°F on 16-2/3-ohm load is
presented in Figure 80.

3.4.4 Magnesium Can Studies

Fifty AZ-10 magnesium A-cell cans were treated by coating the interior air-
space region with a vinylite-solvent mixture. Twenty-five cell lots of
Mg(C’th)z/MnOa (Type M) and Mg(Cth) 2/cuo cells were assembled and placed

on storage tests at 113°F, Two-months storage resulted in four perforations
in the Mx102 cells and one perforeation in the CuO cells. This represents

an improvement over the untreated cans. In addition, this treatment yilelded
a better seal. Corrosion tests on restabilized AZ-10 magnesium A-cell cans

in 2N Mg(C10,), with 1.0 g/l LiCr0) and 0.5 g/1 Mg(OH) , shoved some
improvement over untreated cans. Cell lots were tested for effect of storage.

The reported characteristics of AZ-21XA magnesium vhich included the low
delay of AZ-10XA with the high anode efficiena') of AZ-31A made this alloy
desirable for extended dry-cell development. A lot of A-cell cans was
received and evaluation studies made. Tests on these cans in ‘2N Mg( Cl.OLk)2
with 1.0 g LiCr0, and 0.5 g/1 Mg(OH) p shoved evidence of line-type corrosion.
This corrosion, however, was very slight and is not expected to affect shelf
life. One lot each of Mg/Mg(Cl0,) o/M0, (Type M) and Mg/Mg(C10,) /CuO cells
wvas made for 113°F storage. Discharge of these cells showed that the

(1) R.F. KiTk and R.W. Reid, "Magnesium as @ Battery Anode". Proceedings of the
14th Annual Power Sources Conference, U.S. Army Signal Research and Develop-

ment Laboratory, Fort Mommouth, New Jersey, May, 1960.
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AZ-21XA magnesium operates at 0.03 volts lower than the AZ-10 alloy. Dis-
charge curves are given in Figures 81 and 82. Storage tests for these
cells have been evaluated and have been reported in another section of this

report. Compay.lson tegts were also run with a magnusiun~bromide electrolvte”

Three-month storage of A-cell magnesium AZ-21 alloy/magnesium perchlorate/
manganese dioxide (type M), and cupric-oxide dry cells at 113°F and 95
percent relative humidity showed no loss of capacity on l6-2/3-ohm drain.
Four can perforations were found in the manganese dioxide cells and one
perforation in the cupric-oxide cells, out of original lots of 50 cells
each. The manganese-dioxide cells showed evidence of electrolyte leakage
past the sgeal.

AZ-21 Magnesium

Six-months storage magnesium (AZ-21)/magnesium perchlorate/manganese dioxide
(type M) A-cells at 113°F and 95 percent relative humidity showed a capacity
retention of 95 percent. Eight cell perforations were found in the air-
space region. The perforations were probably caused by electrolyte leakage
resulting from poor seals. Other cells in the lot show evidence of electro-
lyte leakage around the seal. Additional cells were placed on storage for
seal evaluation.

Six-months storage of A -size magnesium (Az-a)‘/mgnesim perchlorate/
cupric oxide dry cells at 113°F and 95 percent relative humidity showed a
capacity retention of 65 percent. Water content is a critical factor in

cupric-oxide cells. Hence, loss of water through the seal could be a factor
in limiting cell capacity. Three cell perforations were found in the lot.

A nine-months storage of A-cell magnesium/magnesium perchlorate/manganese
dioxide (type M) dry cells at 113°F and 95 percent relative humidity resultec
in 95 percent capacity retention on a 16-2/3-ohm continuous drain. Examina-
tion of the cells revealed evidence of leakage of the electrolyte past the
seal. This may be caused by an excess of electrolyte in the mix. Additional
cells were tested with a reduced amount of electrolyte to determine effect

on leakage.
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The nine month results of the 16-2/3 ohm tests on magnesium-magnesium
perchlorate-cupric oxide A-cells at 113°F and 95 percent relative humidity
resulted in a capacity retention of 70 percent. No electrolyte leakage
or perforations in ;t’;he can were detected in these cells.

3.4.5.1° Can Jeal Studies

Previous cell v.s:torage studies indicated that loss of cell capacity was
due to loss of water caused by faulty seals. Therefore, a study was
carried out to find a better sealing compound for future storage lots.
Tests were run on the sealing compounds presently used plus several
additional samples obtained from thés Mitchell Rand Manufacturing
Corporation. |

Evaluation of hot-wax seals to magnesium sheet showed that hard

waxes, such as Mitchell Rand No. 1850 black and Mitchell Rand No. 3081
red, had little adhesive strength. Although better adhesion was obtained
with the softer materials, these are undesirable for elevated temperature
storage. Tests of magnesium A-cell cans filled with 2N Mg( cmh) N
electrolyte, sealed, and stored in an inverted position at 113°F and

95% relative hmidity showed that the waxes tested were not entirely
satisfactory as sealing agents.

The use of an asphalt-base paint pretreatment of the magnesium was

studied prior to applying sealing compound as suggested by the Mitchell
Rand Corporation. Results of hot-wax seals to magnesium sheet showed
that this procedure improves bonding to the surface with most waxes.
Best results were obtained by using this paint and a wax consisting

of 90% Mitchell Rand No. 1850 black wax and 10% Atlantic shingle
saturant. The shingle saturant provided a greater adhesion to the
surface.

3.4.4.2 Delayed Action Shelf Study

The delayed action study program was set up to determine cell voltage
delay and capacity on a radio transceiver drain. The AN/PRC-35 (XC-2)
A2 unit drain was selected for testing as this represents & more

- b o
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severe change from low to high current than most transceiver applica-
tions. The requirements for the A, unit drain are 8 ma for 18 minutes
and 138 ma for 2 minutes.

Figuce 33 gives & typical w.scharge curve for the initiat capacity
of a Mg/Mg(CJ.OI*)E/MnO2 (Type M) AA-cell for the above drain. The data
are plotted as continuous for the 2-minute and 18-minute cycles.

The delayed-action data for this cell are presented in Figure 84 for
the initial 2-minute cycles and at various poinis during the cell
discharge. The delayed action for the initial 2-minute cycle is much
greater than for the succeeding cycles and can be attributed to the
chromate film obtained in the can pickling process and the concentration
of lithium chromate added to the electrolyte. This delay diminishes
quickly with subsequent cycling to a relatively constant value of less
than one fifth of a second.

Mr102 Cells

A comparison of delayed action characteristics was made between
magnesium 1:'er<:h:l.orate/MnO2 AA-8ize cells and magnesium brcmi.de/MnO2
AA-size cells using both AZ-10 and AZ-31 magnesium alloys.

The improvement in delay with Mg( cmh) o cells over MgBr, cells vas
more pronounced with an AZ-3]1 magnesium anode, These cells exhibited
only a slight delay below a 1l.l-volt cutoff, whereas the MgBr2 cells
had a delay of several seconds throughout the entire discharge. These
results indicated that the perchlorate cells would show favorable
delayed~action characteristics with the alloys other than AZ-10.

Mg/Mg(C10,) ,/CuD Cells

The delayed action characteristics of Mg/Mg(C10,) 2/0\10 AA-cells vere
measured on the Radio Set AN/PRC-35(XC-2) A2 unit drain. Magnesium-
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cupric oxide cells were discharged for 18 minutes into 91 ohms and
for 2 minutes at 5.39 ohms to a O.Th-volt cutoff.

The Gelayed action oi twb-week-old ceils oft the initial two cycles

and at varieus times throughout the discharge is presented in Figure 85S.
After the initial cycle,the delay approaches a constant value of less
than 1/5 of a second. This agrees with the results found with the
magnesium perchlorate /MnO‘2 cells.

Storage of cells at TO°F and 113°F for as long as 13 months showed no
effect on the delayed action characteristics. The data curves (Figures
83 and 84) can be considered representative of results up to 13 month
storage period. Intermittent capacity data for the above cells are
sumarized in Table XXI.

3.5 BASIC RESEARCH

3.5.1 Impedance of Dry Cells

2¢5.1.1 Introduction

Data are presented in Figures 86 and 87 and Tables XXII and XXVIII for the
delayed action of the two magnesium alloys measured at various times
throughout discharge. The results show that magnesium AZ-21 behaves
similarly to AZ-31. The voltage level of the AZ-21 is slightly lower
than the AZ-10, as indicated by continuous-drain tests. Cell capacity
was equivalent for both alloys, giving 50 hours to a 1.20-volt cutoff.
Peak-voltage data are presented in Table XXII. Data are taken from
measurements made throughout the first minute of the 18-minute cycle.
The results show that both alloys operate with voltage in excesgs of
1.80-volts in the initial 15 seconds of the cycle during the first
eisht hours of discharge. The AZ-21 voltage levels off faster than
the /2-10, and operates about 0.l-volt lower on the light drain.

Thus, AZ-2l appeared to be the more desirable alloy in applications
vhere peak voltages are a problem.
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The wide voltage range noted in this type of intermittent sexrvice
must be considered carefull& in the design of msgnesium dry-cell
packs. Raising the cutoff;voltage per cell would minimize the peak-
voltage, but wonli increase the lower delay voltage on the bigh-drsin

cyclen.

The impedance of cells of the type under consideration is represented
schematically in Figure 88. The anode and cathode resistances shown
are negligible by comparison with fhe other a¢ effects, and may be
elininated from the discussion. Of particular interest 1s the physical-
structure of the corrosion film and its effect on the overall cell
performance. If a range of frequencies can be found in which the
electrolyte capacitance does not affect the cell impedance, the neces-
sary electrical data on the film can be obtained. An ideal two-com~-
ponent system with the equivalent circuit shown in Figure 88 will have
a frequency characteristic similar to that shown in Figure 89,

Figure 89 shows a relatiQely constant-capacitance value followed by an
abrupt drop, and a second constant-capacitance value followed by another
abrupt drop. The first constant-capacitance value represents the
capacitance of both components of the system -- the electrolyte and the
anode film. The initial drop in capacitance occurs when the capacitance
of the high~-capacity element, the electrolyte, is damped by the resistance
and ceases to function as a dielectric. At this point, this capacitance
ceases to be an operating part of the system, The second constant value
represents the capacitance due only to the anode film in the low-capacity
parallel branch. The second drop in capacitance occurs when this
parallel capacitance is damped by the circuit resistance. Thus, it is
possible to separate the effects within a two-component system if a
broad range of frequencies can be found to enable the study of a single

corponent.
3.5.1.2 Measurements and Equations

Commercial impedance bridges cannot be used because the capacitance of

the cells is very high and the series resistance is often as high as or
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higher, than the reactance. Therefore, a special resistance-ratio
impedance bridge was designed and built; this bridge is shown
schematically in Figure 90. The bridge uses very high trensformer

turn ratios (up to 5000 to 1), two 2500-uf capacitors which prevent
spurious cell lcading by the oscillator and detector circuits, and a
load resistor, RL’ in parallel-with the unkiiown iupsdance to obtain
various current densities. Tne use of the load resistor, RL, neces-
sitates a correction in the measured value of resistance. Direct values
for this bridge are obtained with eguations (1) and (2), and equation
(3) is the corrected value of the equivalent parallei resistance,

Ry - R

2 Ry (1)
R
¢ z R
X 1 (2)
Ry

o

xh o

By, Ry

vhere:

Equivalent parallel resistance measured value (ohms)

Equivalent parallel capacitance (uf)

Sl

Equivalent parallel resistance, corrected value: (ohms)
Standard bridge balancing resistor (ohms)

Q =
"

w o

Standard bridge balancing capacitor (uf)

Load resistor (ohms)

Ry,
3.5.1.3 Cell Analysis

When the polarization of the electrolyte is damped by the cell resistance,
the equivalent circuit of the cell shown in Figure 88 is reduced to the
simple circuit shown in Figure 91.
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FIGURE 91. EQUIVALERT CIRCUIT OF MAGNESIUM CELL AT FREQUENCIES
ABOVE THE ELECTROLYTE CUTOFF FREQUENCY.

At the frequencies where the equivalent circuit shown in Figure 91 is
valid, the equivalent parallel capacitance and resistance as measured
on the bridge are directly equal to the film capacitance and resistance.
The capacitance and resistance of the films msy be related to film
dimensions and the constants of the materials as follows:

c s KA
f €O by = C (’+)
X
te
and:
R = t
f Pr = Ry (5)
Ap
where:

Permittivity of free space in coule/n e,

Q)
o
"

K = Dielectric constant of corrosion film.
Af = Film area in cm2.
tf % PFilm thickness in cm.

P f = ac resistivity of film in ohm x ecm.
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The ratio of the film area (Af) to film thickness (t f) is the only
relationship which may be obtained from equations (4) and (5). Solving
these two equations simultaneously, the ratio of film area to film
thickness-is expréssed in equatzch (6).

A . % . P (6)
te ¢ Ry

However, the use of equation (6) is not sufficient to enable the deter-
mination of all of the information wanted zbout the corrosion film. The
analysis of the data is not straightforward because of the following

characteristics of magnesium anode:

a. The anode area does not remain constant as a function of the

current density.

b. The anode becomes corroded, etched, and pitted, to varying

degrees, at different current drains.

Consequently, the measured plane area of the anode is not the true area.
In addition, the corrosion film is not continuous, and the amount of
diseontinuity or uncovering of the anode surface varies with current

density.

Therefore, there are three unknown quantities to be determined as functions

of current density are as follows:

a. the true total anode area (AT).

b. the part of the total anode area covered by the corrosion film (Af).

c. the thickness of the corrosion film (te)-

In determining each of these parameters, the dc resistance of the cell
must be considered in the calculations. Except for open circuit loads,
the dc resistance of the cell is calculated from the cell voltages as

follows:

v
o¢ -l) : (7)
A

R = R
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vhere:

Ry * load resistance
voc = open-circuit cell voltage
v =

output voltage across the load resistor, R.
. S . ook

At open circuit, the dc resistance of the cell caun te found by extra-
polating the ac resistance to zero frequency. Note: This precludes

the further use of the second part of the equality expressed in equatdoﬁ
(6) since it would yield a non-independent equation. The extrapolation
implicitly uses tie resistance of the film as a basis. Consequently,
the ratic of film area to thickness must use the capacitance of the

film as a basis.

The d¢ equivalent circuit of the cell is shown in Figure 92 for all con-
ditions except for an open circuit.

R
e

ANNN—

De Resistance of the Corrosion Film

FIGURE 92. DC EQUIVALENT CIRCUIT OF A MAGNESIUM CELL.
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From Figure 92, the following equation can be derived which relates tie
total cell dc resistance to the dimansional proverties of the film and
constants of the materialis.

ey T (e

de resistivity of the corrosion filum

-;0

resistivity of the electirolyte

_-o
(1]
[}

[
1

separation between anode and cathode

By substituting equation (6) into equation (8) and solving for the film
area, the expression shown in equation (9) is obtained.

c, P L P L
- AT + X e - e (9)

Pf.Eo K

Ag

R

The de resistivity of the corrosion film is determined at open circuit
since A, = A, at this point; therefore, from equation (9) the following
relation is obtained:

e, = B G (10)

A third independent equation is still required to complete the analysis,
This equation must relate the total anode area (AT) to current density
and must come from some source other than the impedance measurements.
The possible ways of obtaining the third independent equation are by:

a. directly measuring the anode area as a function of current
density.

b, assuming that the anode area increases linearly with current
density over the limited operating range used in these measure-
ments,
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Direct measurement of the surface area can be accomplished by measuring

the gas adsorption on the surface, or by electron microscope techniques.

The second method for obtairiing‘ the third equation will be used here
until a direct measurement. technique is made available. The assumption
scated L 0. &VOVE provides a means of estisaving vhe area at the Ligh
current density where almost all oi‘ the equivalent parallel resistance
of the cell ie due to the electrolyte shorting through to the anode.

Therefore,
!

i [ (1)

- s g AM“_Rx
The assumed variation for AT can now be written: ..
Ap = ad o+ A (12)
where: o~
Ao S  plane area of the anode

The evaluation of the constant, a, gives the following relation:

a - (@ L/Rx) -4 (13)
o
vhere:
Jl 2 apparent current density at which the anode

efficiency curve levels out.

Rx = resistance at that point where the anode efficiency
curve levels out. This point corresponds to the
point where the film is negligible.

It should be noted that the values obtained for total surface area from
equation (12) are not absolute since several approximations and assump-
tions were made in obtaining the equation. Although the dats derived

from it, along with the data from equations (6) and (9), may be used
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as a comparison basis in the study of cells of different composition.
Since the same assumptions are made for all cells, a confident
comparison between cel;l;s can be accomplished.

3 . S‘o 1 . h Test Procedure

In using this impedance method as & means of analysis of anode films,
the following measurements and calculations are req_ui-red:

&. determine resistance and cepacitance of cells vs frequency
(over a range of 20 cps to 5 kc) at cpen circuit and at various
current densities. Plot the values of cepacitance vs frequency
over a log-log scale and find that portion of the curve between
the electrolyte cutoff and the film cutoff points. Choose
a frequency in the middle of this range to evaluate the data.

b. determine cell voltage vs current density.

c. determine all of the constants required in the various equations
presented in Section 3.5.1.3 of this report.

d. determine the total anode area vs current density using equation
(12), or by direct measurements when possible.

e. calculate the dc resistance of the cell using equation (7).

f. calculate from equation (9) the film area end/or the difference
between the total area and film area.

g. determine from equation (4) the thickness of the corrosion film.

3.5.1.5 Comparison of AZ-21 and C.P. Magnesium Anode Cells

In applying the method of data analysis described in Section 3.5.1.4

snall symmetrical cells were constructed. These cells consisted of a
eylindricel anode of 0.125-inch diafeter suspended in the geometric

center of & cylindrical glass container (1.25-inch diameter x 2.5-inches
high). A platinized platimm cathode sheet was placed around the
inner wall of the glass container. This type of cell construction allows

[
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for easy measurement of the cell dimensions. Since the anode is cmell ,
the cell capacitance is also relatively small and can be measured
without difficulty. Although the data obtained are specific to this
type of cell. geometry, the data can be applied to any other cell -
geometry by simply measuring the plane aree of the anode and relating
the film area to the new plane area. Note: The thickness of the film
remains unchanged regardless of the anode configuration.

Conetants and Fixed Cell Parameters

The electrolyte and film cutoff frequencies vere found to occur clnze
together; this result was anticipated, The frequency characteri . -s
for AZ-21 and pure magnesium indicated that a frequency of appro..j.a Jely
2000 cps should be used in data analysis.,

The constants and fixed-cell parameters required in the comparison of
AZ-21 and C.P, magnesium anodes are listed in Teble XXIII.

Corrosion Film Deta

Figure 93 shows the total anode area as a function of the apparent
current density. It is noted that the true current density may be
calculated with the value of anode area obtained from Figure 93. The
values for current density for this type cell are usually based on the
‘anode plane area and not the anode true area. However, these data
permit the calculation of current density based on the true anode area.

Figure 94 shows the difference between the total area and the film area,
or that portion of the anode which is exposed to the electrolyte.
Physically, this area difference is related to the rate of corrosion-
film decay. Figure 9% also shows the film volume (Af xt f) , per unit
of total area, as a function of current density. The significance of
this figure is that it is a measure of the net rate of growth of the
corrosion film. By cambining the results shown in Figure 94, the shape
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CONSTANT AND
___FIXED PARAMETERS £2-21 ALLOY MAGNESTUM
: €o (coulzfn cma) . 8.85 x lO'16 8.85 x 10‘-16
K | ' 9.65 9.65
Pe (otm-cm) 9.1 9.1
T L (em) | 1.k 1.4
A, (cmz) | 2.53 2.53
Ps (otm-ca) 1.64 x 102 1.2 x 0%t
a | 0.1975 01015

TABLE XXIIT. CONSTANTS AND FIXED PARAMETERS FOR EVALUATING AZ-21

C.P. MAGNESIUM ANOCDES.
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of the anode efficiency curve can be predicted. This prediction is pos-
sible because the anode efficiency is directly related to the exposed
anode surface and to the rate of growth of the corrosion film. There-
fore,\from‘Figure‘9h, the efficiency curve for AZ~21 will rise very
repidly from open circuit to about 0.3 ma/eme. The curve will

- than change Airectlism sbruptly and Yevel off, ie point a+‘which'5;
levels off will occur at about 2 to k4 ma/cmg.

The efficiency curve for C.P. magnesium will differ considerably from
that for AZ-21. The initial rise in efficiency is inhibited by the
excegsive growth of film at low current densities. Thus, the initial
rise will be more gradusl than for AZ-21. The change in direction

of the curve will start at about 2 ma/cm2 and will be much more

abrupt than the change in the AZ-21 curve. The curve will then

level out at about 5 to 7 ma/cme. These predictions can be made

by comparing the slopes of the film growth curve and the exposed

area curve., If the rate of film growth is greater than the rate of
surface exposure, the efficiency will be low and vice versa (Figure 95).

3¢5.2 Impedance Studies

Cell impedance is an important factor affecting the performence of equipment
in many electronic applications. Previous data have shown the impedance of
pagnesium cells to be greater than that of corresponding Le Clanche cells,

The present study includes an intensive investigation of the impedance of
Mg/Mg(Cth)a/Mnoa and Mg/Mg(ClOu)a/CuO cells as a function of shelf-life
for various frequencies and load conditions.

The experimental apparatus is shown in Figure 96. At each frequency, the
voltage drop across fixed resistor R is measured at Vg‘and V&. Then, by
Ohm's Law, the ac current flowing through the battery is:

- v - v

I= _x X
MR, R,

wt}ere‘Rb is the battery impedance. By making R)) Rb, the following approxima-
tion can be made:

358
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For convenience of calculation, R was set at 1000 olms and V* at 1.00 volt
by the amplitude control of the audlio oscillator.

The variation in impedance is presented in Figure 97 at 60 and 400 cps as
a function of load resistance for Mg/Mg’ (10, )JMnO (T,ype M) Ah-cells.
‘Pigure 98 gives the variation in impeda.nce with frequency for the various

diecharges. The data represent initial impedance measured on cells two
weeks old at approximately 50% discherge to a 0.90-volt cutoff.

3.5.2.1 cllo Cells

The impedance of M‘g/Mg(Cth) 2/CuO AA-cells was measured at various
discharge rates over a frequency range of 6 to 10,000 cps. The
variation in impedance is presented in Figure 99 at 60 and 400 cps
as a function of load resistance. Figure 100 gives the variation of
impedance with frequency for the various discharges. The impedance
data were measured on cells two weeks old at approximately 50% dis-
charge to a 0.75-volt cutoff. Results are similar to those obtained
with ma@esimemoa cells reported above.

Capacity data for the above cells discharged through 4 ohms to 100 ohms
are included in Table XXIII. Average voltage and hours of service were
computed to a 0.75-volt cutoff.

3+562.2 Effect of Storage on Cell Impedance‘A

Results on stored cells from one-month storage at 113°F to six-month
storage at TO°F) showed little effect of storage on the impedance
Mg/Mg(C10,) 2/Mno2 and Mg/Mg(€10,) 2/Cu0 cells. See Table XXV.

3.5.2.3 AZ-21 Impedance

The impedance of magnesium/magnesium-perchlorate/manganese dioxide
{Type M) A- cells with AZ-21 and AZ-10 magnesium alloys was measured
at a 50-olm continucua discharge rate over a frequency range of 60 to
10,000 cps. Test results showed that the impedance of AZ-21 alloy
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FIGURE 99. AC IMPEDANCE VS LOAD RESISTANCE OF Mg/Mg( Cth)a/CuO AA-CELLS
DISCHARGED CONTINUOUSLY THROUGH VARIOUS RESISTANCES AT
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was slightly less than that of the AZ-10 alloy. Impedance

tests showed a slight increase in lmpedance at the 25-ohm drain for
cupric-oxide cells and the 50-ohm drain for the manganese-dioxide
cells. The cupric-oxide cell impedance was 3.4 ohms at 60 cps and

1.9 ohms at 40O cps as compared to the initial values of 2.8 ohms and "
and 2.1 chms at 400 cps, as compared to the initial salues of 4.0 and
2.1 ohme.

Cell capacities averapged 90% retention. Data for the variocus lots
are summarized in Table XXIV.

3.5.2.4 Magnesium Impedance

It has been shown theoretically that the corrosion film on magnesium
anodes can be studied directly by means of cell impedance measurements.
The resistance-ratio bridge used for impedance measurements was shown
to have more than sufficient accuracy and sensitivity for these studies.
From the impedance data, the following may be deteﬁxi‘ned as a function
of load current.

a. an approximation of the true anode area.
b. the portion of the anode area covered by the corrosion film,
c. the average thickness of the corrosion film,

This method is useful for the study of various magnesium alloys,

inhibitors, and electrolytes and in demonstrating their effects on
anode performance.

Because only two independent measurements were made (capacitance and
resistance), only two independent values were calculated. The true
anode area wes estimated on the basis of an equation empirically
derived from the test data or measured independently. A BET apparatus
was constructed to make accurate measurements of the total surface area.

3-60
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Tests were run using flat AZ-21 magnesium and C.P. magnesium anodes

2]
in 2N Mg(Cl0,), over a current-density range of 0.1 to 10 ma/en
based on the plane areza of the anode. See Table XXVII.

2

3.6 METEOROLOGICAL BATTERY

At the request of the Signal Corps, effort wae devoted au the end of the contract
to the design, testing, end building of the Mg-HgO equivalert of the meteorogical
battery BA2'53/ix. Four of these batteries have been delivered to Signal Corps
for mnnér testing.

3.6.1 Design . o

The battery consists of four cells, connected in series, each of which have
the following design:

Anode material: C.P. Magnesium

Cathode material: 10:1 HgO + Shawinigan carbon black
Plate Size: 1-1/8 x 2 inches

Separator: - Filter paper

Electrolyte: 5N Mg(C10,),

These four cells were assembled with the prcper hardware into a battery with
a "dry welght" of approximately 60 grams, the battery dimensions are 3-1/2 x
1-3/8 x 15/16 inches and its wet weight, after activation in electrolyte, is

approximately 90 grams.

3.6.2 Activation Procedure

The battery is activated by submerging up to "line" in SN Mg( Clou)‘,J for
five n:inutes. The excess electrolyte is then removed by shaking. Then,
after a five-minute stand, the battery is ready to be discharged.

3.6.3 Experimental Data

3.6.3.1 Results Obtained

Samples of the delivered battery were tested by discharging thrcugh
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12 ohms to a 5.5 volt cutoff under various conditions of temperature.
In all cases except room temperature, the battery was insuleted hy 1/8-
inch polyurethane sheet; no insulation was used at room temperature.

The discharge curves appear in Figure 101, and the battery characteristics

obtained from these curves appear holoaw: . .
Avg. Oper. ' l
Ambient Temp. _Voltage  Capacit; Utilization W-bxr/1b
R (volts) [ amp?hr; (%)
*Room 7.2 1.hk9 95 53.6
-58 6.14 ) .810 52 25
140 (10 minutes)  6.33 817 53 . 5.3
then -58

*Avg. of two cells,

In an attempt to improve the characteristics at the -58°F discharge,
batteries were first discharged at room temperature for a five-minute
period and for a 10-minute period before being placed into a cold box
at -58°F.

The discharge curves for the five-minute and 10-minute pre-cold-box
treatment, as well as the curve for no pre-treatment, appear in Figure 102.
The characteristics obtained from these curves appear below:

Pre-treatment A???itgﬁ:r' Capacit Utilization  W-hr/lb
{minutes) (volts) Fuxr)ﬁ]ﬁ?’\: (%) CoTer

None 6.1k .810 52 25

5 6.32 970 62 32

10 6455 1.09 69 37

3.6.4 Conclusions

The following conclusions can be drayn from an examination of the experimental
data obtained:

a. A meteorological battery which can deliver in excess of 50 w-hr/1b.
has been shown possible using the magnesium/mercuric-oxide system.

b. With proper treatment, this battery can deliver better than 30 w-hr/lb.
at -58°F.
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e i st s =

DISGHARGE |  SERVICE | AVERAGE . CAPACITY
SR | | T | v
4 ks | 0.83 - 28,0 1.8
6.6 s | o 37.6¢ | 2.8
10.66 - 20.5 . 0.85  so.2 | 331
1666 38 Y 607 4.0
25 58,5 | 0.90 68.7 h.52
50 109 : 0.97  T3.7 | 4,76
100 184 1.03 70.5  u.6s

MT-67

TABLE XXV1', INITIAL CAPACITY DATA FOR Mz/Mz(Cl0 4)2/C\IL') A-CELLS, DISCHARGED
CONTINUOUSLY INTO VARIOUS RESISTANCES AT 70 $2°F and 50% R.H.
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4, RICGMMENDATIONS FOR FUTURE WORK
4.1 RESERVE CELLS

The low=-temperature charactefistics of the magnesiwn/mercuric-oxide

cell should be more fully exploited. Studies of cell and hattery &

should be directed toward optimization of the system, especially for
applica.tioné requiring low-temperature operation.

Methods of controlling or adsorbing the heat generated of magnesium reserve
cells at high rates should be continued to obtain maximum performance.

4,2 DRY CELLS

Further data is required describing the characteristics of dry cells with
AZ-21 magnesium 2lloy anodes. The preliminary data on Mg-MnOz is very
encouraging. Electrolyte formulations for low-temperature applications
should be made a major phase of this program. Package desipgn for low-
temperature use should be included in application studies.

4.3 RESEARCH STUDIES

The research studies should be expanded to include the effect of electrolytes,
_inhibitors, and alloys on impedance,and relation to the efficiency of the
magnesium anode.
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AZ-21 MAGNESTUM | | © AZD 0IACNESTIM |
CEIL TMPEDANCE IN OBMS_ | CELL | DHALGICE I oms |
TIME | VOLTAGE ___ FREQUENCY ~s ___ | VOLTAGE[ __ _ TAWQUENCY ~ |
hours) | (volts)[ 601 100] #00 | Ik J10k |(volts)| 60 J 100X W ] 1k | 10k
A ] T " ‘ ‘ I
.25 | 1.6y [3.5( 45| 2.0 [1.47]0.96] 1.71 | 3.8 k.62 ek |10 1.2
7 1.56 [ 2.6 | 2.3 0.8630.69 0,58 1.59 | 3.43.4Z 17 |1.09] 0.69
2k 1,50 32.9 ‘2.8“ 1.20 0.77 0.57‘ 1.54 | 3.6[3.92 17 1.07| 0.69 |
32 | 1.46 |2.9]2.8] 1.18f0.70[0.57] 1.50 | 3.5{3.27 16 |1.02| 0.70
49 | 1.00 |4.0]3.4] 1.34 0.91}0.70] 0.93 | 4.0|3.6/1 1524 0.99] 0.71
MT-170

TABLE XXVIII. IMPEDANCE DATA FOR ug/w(clo4)2/mxoz (TYRI i} A~CELLS
DISCHARGED AT A CONSTANT RESISTANCE OF 0 OC(HENS,
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Jersey, are presented. This program was conducted
during the period from 1 June 1960 through 30 No-
vember 1962.

Characteristic data are presented for magnesium/
magnesium-perchlorate reserve cells discharged at
temperatures as low as -40°F. Cathode efficiency
data as a function of temperature and current drain
are also presented.

Factors affécting the performance of dry cell bat-
teries were investigated. Cathode efficiencies, stor-
age characteristics, and electrode surface phenom-
ena were évaluated.

Data are also presented for a newly developed mag-
nesium/mercuric-oxide meteorological battery,in-
cluding discharge data for temperatures as low as
-58°F, -
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